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 Polymer memory device has attracted great attention for their use in memory 
applications, due to its low material cost, ease of fabrication and most importantly, the 
ability to tune the polymer for different memory function. The bistable state of the 
polymeric materials opens up the field for the use of polymer in the memory 
applications. Under an electric bias, the sandwiched polymer device between two 
metal electrodes exhibited two conductivity states. 
 In this thesis, a polymer material which based on the carbazole moiety hole 
transporting group has been synthesized and its physical and electrical properties were 
characterized. The polymer containing the carbazole group has demonstrated a write-
once read-many-times memory behavior, due to the conformational change under an 
electric bias. The electrical behavior and its reliability have been demonstrated to be 
of practical use, and the conformational change that involved was supported by 
evidence from several material characterization tools.  
 The basic structure of the carbazole containing polymer has been tuned to 
study the impact of the moiety side chain to its memory behavior. With the 
incorporating of a larger benzene group in the carbazole containing side chain, the 
memory behavior changed from that of a write-once read-many-times device to that 
of a dynamic volatile memory. The change in memory behavior is attributed to the 
restriction of the conformational change due to the larger benzene group and a greater 
steric hindrance. When an electron donating oxadiazole group is incorporated with the 
basic hole donating carbazole group, the donor-acceptor polymer exhibited a 
rewritable bistable memory behavior. Through the simulation studies and electrical 
 VII
characterization, the rewritable memory behavior is attributed to the charge transfer 
process between the donor and acceptor pair. 
 After the successful studies on the polymer memory properties, the polymer 
crossbar memory array was fabricated and studied. A passive matrix array, as 
compared to an active matrix, was used in this work for the advantages of simpler 
circuitry and greater device density.  The passive diode-memory device was 
fabricated with a polymer based diode in series with the basic carbazole polymer 
exhibiting the WORM memory behavior. The passive device retained the electrical 
and reliability of the memory device, and in addition, provides a high rectification for 
the ON state device in the forward and reverse bias sweep. The rectifying memory 
device has the potential to open up the path for future high density passive matrix 
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Introduction to Polymer Memories 
 
 
 Memory device is essential for the operation of electronics devices, mainly for 
the storing, retaining and retrieving of data. Due to the challenges faced in the 
continued scaling down of silicon based semiconductor devices, it has motivated 
research for an alternative or supplementary technology to the conventional memory 
technology. In this chapter, the current state of the memory technology based on 
silicon and the motivation of using the alternative polymer memories will be 
highlighted. Several emerging organic and polymer memories currently being 
















1.1 Definition of memory 
 Memory can be classified under the volatile and non-volatile market. A 
volatile memory loses its data subsequently when the power supply is removed, and 
thus would need to be refreshed periodically for the data to be stored. The dynamic 
random access memory (DRAM) is a type of volatile memory that stores the charges 
on a capacitor. Due to the charge leakage in the capacitor, the memory state will soon 
be lost unless the capacitor is refreshed periodically. Another volatile memory is the 
static random access memory (SRAM), where the data is stored as a bit in a flip flop 
array.   
 Non-volatile memory is defined as one that can retain its state even when the 
power supply is turned off. They can be categorized as write-once read-many-times 
(WORM) memory or non-volatile rewritable (flash) memory. A WORM memory is 
capable of writing its data permanently and reading its stored data repeatedly over a 
prolonged period of time. For WORM memory, the state can only be written once. 
Once written, it is not able to modify the stored data. WORM memory is particularly 
useful for archival use, where data has to be reliably kept over a long period of time. 
An example of WORM would be the pre-programmed ROM that is used to store the 
programming data in a calculator or supercomputer. Rewritable flash memory is a 
non-volatile memory which has the ability to write, read and erase its state. Flash 
memory is widely used in electronic devices such as video and audio player, digital 
camera and mobile PC. In the case of current inorganic semiconductor memory, flash 
memory technology is based on metal-oxide-semiconductor transistor that uses a 





 1.2 Review of the literature 
1.2.1 Motivation of polymer memories 
 Conventional memories are implemented on semiconductor based integrated 
circuits such as transistors and capacitors. As the demand for memory applications 
increases in electronic devices usage, the demand for higher capacity, smaller 
memory chip, better performance, lower power consumption and lower system cost 
increases [1]. According to Moore’s Law, the number of chips within a device area 
doubles in every 18 months. This poses a challenge to the continued scaling down of 
memory devices based on the silicon technology. Several research works have been 
on-going to further scale the memory chips, such as using extreme ultraviolet and 
immersion lithography for more stringent patterning, using strained silicon to increase 
carriers’ mobility, using high-k dielectric to further scale down the dielectric thickness 
and the use of metal gate to reduce polysilicon depletion effect. As such, besides 
polymer memory, there are many other technologies in the memory application area 
that are already developed to tackle the issue. These include ferroelectric random-
access memory (FeRAM) [2], magneto-resistive random access memory (MRAM) [3] 
and phase change memory [4]. FeRAM has a fast read and write time, but has limited 
reliability due to fatigue and leakage. MRAM has the advantage of a fast read and 
write time, low operating voltage, good reliability, but as the MRAM cell size is 
rather large, it is difficult for use in memory application in future scaling devices. 
Phase change memory utilizes a semiconductor alloy that changes from a crystalline 
low resistance phase to an amorphous high resistance phase within the minute 
temperature fluctuation of < 0.1°C. Phase change memory is fast and durable. 
However, the drawbacks are the complexity in fabrication, the high operating 
temperature and the high write voltage. 
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 Organic and polymer materials possess several advantages and are promising 
candidates for future molecular-scale memory applications. Polymer materials possess 
unique properties such as good mechanical strength, flexibility and most importantly, 
ease of fabrication and processing [5]. As opposed to the inorganic counterparts, the 
polymer memories have a less complicated and shorter process steps and can be 
fabricated on a flexible substrate [6]. The memory properties of the polymers can 
easily be tailored and tuned through the molecular design and chemical synthesis of 
the polymers. Polymer deposition are easily done by spin coating, spray coating, dip 
coating, inkjet printing on a variety of substrate such as plastic, metal foil, glass and 
silicon wafers. As such, it has good scalability and has the potential for large scale 
data storage capacity. Also, the low cost of the polymers itself, together with the 
generally low cost in processing a polymer memory device, is an advantage over the 
other emerging memory devices.  
  
1.2.2 Current state of organic/polymer research 
 A number of polymeric materials have been explored for polymer memory 
effects and its applications. Most of the polymers in these pioneering works were used 
as the polyelectrolyte, matrix of a dye, or component of a charge-transfer (CT) 
complex in a doped or mixed system.  A wide variety of organic materials, including 
organic dyes, CT complexes, conjugated oligomers,  redox metal complexes and other 
molecules have been explored in recent years. Table 1.1 shows a summary of the 
current states of organic/polymer memory research and their respective conducting 
mechanisms.  
 A charge-transfer complex is defined as an electron donor- electron acceptor 
(D-A) pair, in which there is a partial transfer of electronic charge from the donor to 
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the acceptor moiety. The electrical memory phenomenon of charge transfer (CT) 
complex was first reported in 1979 for a copper (electron donor) and 
tetracyanoquinodimethane (TCNQ, electron acceptor) complex [7]. Subsequently, a 
wide variety of organometallic and all-organic CT complexes have been explored for 
use in non-volatile organic memories. Yang et al. reported polymer memories based 
on CT effects from doping an electron donor, such as 8- hydroxyquinoline (8HQ) or 
tetrathiafulvalene (TTF), with an electron acceptor, such as gold nanoparticles (AuNP) 
or phenyl C61-butyric acid methyl ester (PCBM), in a polymer matrix [8,9].  
 Conductance switching in single molecule arising from conformational change 
on has been reported [ 10 , 11 ]. Reed et. al. also reported memory effect on the 
molecular level based on molecular self-assembled monolayers [12,13].  On the other 
hand, Pal et al. reported memory effects in devices based on Rose Bengal (RB) or 
other dye molecules embedded in supramolecular structures [ 14 , 15 ]. The supra-
molecular structures were fabricated via layer-by-layer electrostatic self-assembly 
(ESA) and the memory effect were due to the modification of conjugation.  
 Memory effect due to trapping of charges has also been demonstrated in gold 
nanoparticles or rare earth complex embedded in the polymer materials [16,17]. The 
traps within the polymer are filled by the minority carriers during biasing and change 
the conductivity state of the polymer. Memory effect due to space charge 
accumulation has also been demonstrated [18,19]. Space charge accumulates at the 
metal/polymer interfaces and screens the electric field. The effect, in turns, limits 
charge injection at the polymer layer.  
 Forrest et al. demonstrated a WORM memory based on polymer fuses in 2003 
[20,21,22]. The memory element consists of a thin film p-i-n silicon diode and a 
conductive polymer fuse, composed of poly(ethylene dioxythiophene) (PEDOT) 
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oxidatively p-doped by poly(styrene sulfonic acid) (PSS). It possesses high reliability 




Categorization Organic/polymer involved 
Organometallic Cu-TCNQ [7], Au/Cu-TCNQ-PEI/ITO 
[23], A/AuNP-2NT :PS/Al [24] 
Fullerene/CNT 
polymer 
PCBM :TTF :PS [9], C60 :8HQ :PS 
composite [25] 
Charge transfer 
Polyimide ITO/TP6F-PI/Al [87] 
Conformation 
change 




Supramolecule Rose Bengal [29] 
Rare-earth 
complex 
ITO/PF6Eu/Al [16 ,30], 
polypyrrole/PF8Eu/Au [6] 
Trapping/detrapping 
Au-nanoparticles Al/AuNP :PS/Al [17] 
Space charge 
accumulation 
 ITO/P60Me/Al [18], Al/PEDOT:PSS/p- 
or n-Si [19] 
PS: polystyrene; MDCPAC: poly(methymethacrylate-co-9-anthracenyl-
methylmethacrylate) (10:1); PANa: poly(50amino-1-napthol); PF6Eu: Eu-
complexed benzoate; P60Me: poly[3-(6-methoxyhexyl)thiophene] 
 
Table 1.1 Summary of the current state of organic/polymer memory research and 
their respective conducting mechanisms. 
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1.3 Thesis outline 
 In Chapter 2, a write-once read-many times (WORM) polymer device, based 
on the conformational change of the carbazole groups, has been demonstrated. The 
device exhibited excellent material and electrical properties, suitable for use in the 
WORM memory applications. 
 In Chapter 3, the memory effect arising from the conformational change of the 
polymers containing the carbazole groups have been studied. By changing the spacer 
unit linking the carbazole groups to the main chain, the memory behaviors vary due to 
the restriction on the conformational change. Several material and electrical analysis 
were performed to understand the effect of conformation change on the memory 
behavior.  
 In Chapter 4, a copolymer containing the donor-acceptor pairs was 
demonstrated to exhibit a rewritable bistable memory behavior. The simulation 
studies, as well as the physical and electrical analysis, are performed to understand the 
conduction mechanism.  
 In Chapter 5 a polymer memory that exhibits rectifying memory properties, as 
well as a passive crossbar memory array, were successfully demonstrated.     
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Non-Volatile WORM Memory Device Based on an Acrylate 
Polymer with Electron Donating Carbazole Pendant Groups 
 
 
 In this chapter, a WORM (write-once read-many times) memory device based 
on an acrylate polymer containing electron donating carbazole pendant groups, or 
poly(2-(9H-carbazol-9-yl)ethyl methacrylate) (PCz), was demonstrated. The as-
fabricated device was found to be at its OFF state and could be programmed 
irreversibly to the ON state. The WORM device exhibited a high ON/OFF current 
ratio of up to 106, a long retention time in both ON and OFF states, a switching time 
of 1 ms, and number of read cycles up to ~107. Compared to that of poly(N-
vinylcarbazole) (PVK), the well-defined memory property of PCz can be attributed to 
the presence of the spacer between the pendant carbazole group and the polymer 
backbone. The molecular spacer has allowed the transition of the pendant carbazole 







In recent years, several types of electronic devices based on conjugated 
polymers and molecules have been demonstrated, including light-emitting diodes [1], 
transistors [2], photo-detectors [3], thyristor [4] and switches [5]. The advantages of 
using organic materials lie in the ease of fabrication and low cost. Unlike the low 
molecular weight materials that are processed normally via evaporation under high 
vacuum, many polymers can be easily deposited by spin-coating. Recently, several 
excellent studies on functional memory devices based on organic materials have been 
reported [6,9-13].  
For an organic material to function viably as a memory device, two basic 
features must be present: (1) it must possess a high ON/OFF current ratio between the 
conducting and non-conducting states in order to minimize any error during the read 
cycle, and (2) the retention time in both ON and OFF states must be sufficiently long. 
Several studies have devoted to the understanding of memory effects in organic 
materials. These studies have included the understanding of conformation change [7], 
modification of conjugation [8,9] and oxidation-reduction process [10,11,12,13]. It 
has been shown that in the supramolecular structure of the Rose Bengal system, the 
presence of acceptor groups for the oxidation-reduction process is essential for the 
memory effect to achieve a reasonable ON/OFF current ratio [13]. Recently, a write-
once read-many times (WORM) memory, utilizing the mechanism of current-
controlled and thermally activated un-doping of a two-component electrochromic 
conducting polymer, viz., polyethylenedioxythiophene: poly(styrene sulfonic acid) 
(PEDOT) [14], has also been demonstrated. Among the reported non-volatile memory 
devices fabricated from polymers, the WORM type memory devices show the best 




In this study, we show that an acrylate polymer containing the carbazole donor 
moiety in the pendant groups also exhibits bi-stable states for WORM memory 
applications. By comparing the electrical characteristics of this polymer to those of 
poly(N-vinylcarbazole) (PVK), whose conductivity has been found to be related to the 
presence of carbazole groups [15,16], the memory effect or bi-stable states of PCz 
can be attributed to the susceptibility of carbazole groups to form a “face-to-face 
conformation”. The flexible molecular spacer between the carbazole groups and the 
polymer backbone in PCz play an important role in the conduction mechanism of the 
polymer material. 
 
2.1.1 Motivation of using carbazole containing polymers 
 The carbazole moiety is known to be a good donor that facilitates hole 
transport. Poly(N-vinylcrabazole), (PVK), which is a polymer that has the carbazole 
moiety attached directly to its main chain, is widely used in the area of organic light 
emitting device (OLED) [17,18]. The PVK polymer is easily purchased in the market. 
In the field of OLED, the carbazoles in the PVK materials is used as the hole 
counterpart that facilities hole injection and hole transport to achieve the hole-electron 
recombination that emits light. However, due to the direct attachment of the carbazole 
moieties to the main chain, the carabzole in PVK does not really support 
conformational change, a stage necessary for it to exhibit two bistable states. The 
newly synthesized poly(2-(9H-carbazol-9-yl)ethyl methacrylate), or PCz, has a long 
side chain that connects the carbazole group to the main chain. The long side chain, 
consisting of the O=C-O-C-C spacer, allows the carbazole group to move freely and 




group and O=C-O-C-C spacer are chosen after demonstrating their physical and 
memory behavior, among many others synthesized polymers. 
 
2.2. Experimental details 
2.2.1 Synthesis of the PCz polymer 
 The synthetic routes and molecular structure of poly(2-(9H-carbazol-9-
yl)ethyl methacrylate), or PCz, is shown in Fig. 2.1. PCz was prepared in three steps: 
(1) synthesis of 2-(9H-carbazol-9-yl)ethanol (A1) from the reaction of 9H-cabarzole 
with 2-chloroethanol in the presence of potassium hydroxide and N, N’-
dimethylformamide (DMF), (2) synthesis of the monomer, 2-(9H-carbazol-9-yl)ethyl 
methacrylate (M1), from the reaction of A1 with methacryloyl chloride in the 
presence of triethylamine and dry tetrahydrofuran, (3) polymerization of M1 to PCz in 
the presence of 2,2’-azobisisobutyronitrile (AIBN) initiator [19]. The polymerization 
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2.2.2 Fabrication of the Memory Device 
 The ITO/polymer/Al memory test structure was fabricated as shown in Fig. 
2.2. Film of PCz of ~50 nm in thickness was spin-coated at 2000 rpm on indium-tin-
oxide (ITO) glass substrate. The latter was cleaned, a prior, with deionized water, 
acetone and isopropanol, in an ultrasonic bath for 20 min. A portion of the polymer 
was removed by toluene to expose the bottom ITO electrode. A layer of Al of ~150 
nm in thickness was deposited through a shadow mask to form the top electrode and 
to define a device structure of 0.2 x 0.2 mm2 for the ITO/PCz/Al device. For the 
ITO/PVK/Al device used for comparison, the PCz polymer was replaced by the PVK 
polymer (purchased direct from Alrich) in a solution of 10 mg/ml in 
dimethylacetamide.  






Figure 2.2 Schematic diagram of the memory device consisting of a thin film (~50 
nm) of PCz sandwiched between an indium-tin-oxide (ITO) substrate and an 
aluminum top electrode (0.2 x 0.2 mm2, ~150 nm in thickness). 
 
 
2.3 Physical characterization of PCz polymer 
2.3.1 Fourier transform infrared (FT-IR) spectrum 
 Fourier transform infrared (FT-IR) spectroscopy was performed on a 
Shimadzu FTIR-8400 spectrophotometer. A mixture containing 100 mg of potassium 




compressed to form a transparent pellet for the FT-IR measurement. The FT-IR 
spectrum of PCz shows the characteristic absorption bands at 3050 and 2938 cm-1 (C-
H stretching of aliphatic segments), at 1729 cm-1 (C=O stretching vibration), and at 




Figure 2.3 FT-IR spectrum of the PCz polymer. 
 
2.3.2 Molecular Mass 
 The weight-average molecular weight (Mw) and the corresponding 
polydispersity index (PDI) of each polymer were obtained by gel permeation 
chromatography (GPC) on a Waters GPC system, equipped with a Waters 1515 
HPLC pump, a Waters 2414 refractive index detector, and Styragel HR 4E, HR 5E, 
and HR 6 GPC columns packed with rigid 5 µm styrene divinylbenzene particles. 
Tetrahydrofuran was used as the mobile phase, and polystyrene standards were used 
to calibrate the system. The resulting polymer, PCz, has a weight-average molecular 
weight of about 15,800 and a polydispersity index of about 2.36, as revealed by gel 







2.3.3 Thermal Properties 
 The thermal stability of the polymer was evaluated by differential scanning 
calorimeter (DSC) and thermogravimetric analysis (TGA) in air and in nitrogen, 
respectively. PCz polymer showed no evidence of crystallinity in the DSC 
measurements, indicating its amorphous nature. PCz exhibited good thermal stability, 
with an onset decomposition temperature of about 300oC, and a glass transition 
temperature (Tg) of about 196oC, as determined by thermogravimetric analysis and 
differential scanning calorimetry, respectively. The high decomposition and glass 
temperature is expected, as the carbazole and oxadiazole groups are well-known as 
building blocks in thermally stable polymers with high glass transition temperatures. 
 
2.3.4 Absorption and emission spectra 
 The UV-visible absorption spectrum of PCz polymer in DMF (1.0×10-5 mol /L) 
is seen in Fig. 2.4. The absorption peaks at the 295 nm, 333 nm and 345 nm 
wavelength represent the π-π* transistion of the aromatic rings of the carbazole 
groups. The emission spectrum of PCz polymer in DMF (1.0×10-5 mol /L) under 310 
nm excitation is shown in Fig. 2.5. The emission peaks at 348 nm and 364 nm further 


















































2.3.5 Cyclic voltammetry measurement 
 The understanding of the valence band (or the highest occupied molecular 
orbital (HOMO)) and conduction band (or the lowest unoccupied molecular orbital 
(LUMO)) energy levels of the polymer materials is essential in the understanding of 
hole and electron transport between the electrodes and the sandwiched polymer layer 
in an organic polymer memory device. Cyclic voltammetry (CV) is an effective 
method for exploring the relative ionization and reduction potentials.  
Cyclic voltammetry measurement was performed on an Autolab 
potentiostat/galvanostat system using a three-electrode cell under an argon 
atmosphere. The polymer film on a Pt disk electrode (working electrode) was scanned 
(scan rate: 0.1 V/s) anodically and cathodically in a solution of tetrabutylammonium 
hexafluorophosphate (n-Bu4NPF6) in acetonitrile (0.1 M), with Ag/AgCl and a 
platinum wire as the reference and counter electrode, respectively.   
 From the cyclic voltammograms of PCz in the applied potential range between 
-2.3 V and 2.3 V (vs. Ag/AgCl electrode), PCz containing the carbazole groups shows 
only one irreversible oxidation peak. This suggests that the carbazole group is an 
efficient hole transport site with a high tendency to donate electrons. The HOMO 
energy level of PCz can be calculated from the onset oxidation potential Eonset(ox), 
based on the reference energy level of ferrocene (4.8 eV below the vacuum level) 
[19,20]: 
 HOMO= Eonset(ox) + 4.8 - EFOC     Eqn (2.1)
 LUMO= HOMO + Eg (bandgap)     Eqn (2.2) 
wherein EFOC is the potential of Foc(ferrocene)/Foc+ vs. Ag/AgCl. The value of EFoc is 














Figure 2.6  Cyclic voltammogram of PCz in 0.1M n-Bu4NPF6/acetonitrile with a scan 
rate of 15 mV/s.  
 
 According to the above equation, using the EONSET for oxidation at 0.964 eV, 
the HOMO and LUMO energy level of PCz relative to the vacuum level is estimated 
to be about 5.30 eV and 1.78 eV respectively. 
 
2.3.6 Evaluation of polymer film thickness 
 The polymer film thickness of PCz is related to the spin speed of the polymer, 
by the relationship spin speed ∝ 1/(film thickness)2, which is consistent with other 
published results [21]. At a spin speed of 2000 rpm, the desired polymer thickness of 
~ 50 nm is achieved. The thickness of the polymer was determined by using the KLA-
Tencor step profiler. Fig. 2(a) and Fig. 2(b) shows the plot of film thickness vs spin 




















































Figure 2.7 Plot of (a) Film thickness vs spin speed, and (b) 1/(film thickness)2 vs spin 
speed to illustrate the linear dependence. 
 
2.4 Electrical characterization of the memory devices 
 The structure of the synthesized poly(2-(9H-carbazol-9-yl)ethyl methacrylate)  
(PCz) and the structure of poly(N-vinylcarbazole) (PVK) is shown in Fig. 2.8(a) and 
Fig. 2.8(b) respectively. Both polymers contain the electron donating or hole-
transporting carbazole groups. They differ in the length and structure of the side chain 
joining the carbazole pendant group to the polymer backbone. In PCz, the carbazole 
group is separated from the main chain by the O=C-O-C-C spacer, while in PVK, the 
carbazole group is linked directly to the main chain. The flexible molecular spacer 
between the carbazole group and the backbone in PCz reduces initially the 






Figure 2.8 Molecular structure of (a) PCz and (b) PVK. 
 
2.4.1 Current-voltage measurement 
 The current-voltage (I-V) measurements of the ITO/PCz/Al and ITO/PVK/Al 
memory devices were carried out using a HP4155C semiconductor parameter 
analyzer. All electrical measurements were conducted under ambient conditions 
without any encapsulation of the devices. The Al forms the anode while the ITO 
forms the cathode in the electrical measurements.   
Fig. 2.9(a) shows the current density-voltage (J-V) characteristics of the 
ITO/PCz/Al device. The top Al electrode and bottom ITO electrode were connected 
to a varying voltage source. The bottom ITO was grounded and the current passing 
through the electrodes was monitored. For the as-fabricated device, the conductance 
was very low. The as-fabricated device showed the current density of the low-
conductivity state (~10-6 A cm-2, OFF-state) at a read voltage of -1 V. By sweeping 
the voltage from 0 V to -3 V, a switch in the conductivity state was observed. Upon 
reaching the threshold voltage of around -1.8 V, the devices switched from the low 




















A cm-2. The device remained in the ON state as the voltage was swept from -1.8 V to 
-3 V. With subsequent sweeping of the voltage under negative bias, the current 
density was characteristic of that of the ON state current in Fig. 2.9(a). By using a 
read voltage of magnitude 1 V, an ON/OFF current ratio larger than 106 was obtained. 
This high ON-OFF ratio is essential for the device to function with minimal 
misreading error. Fig. 2.9(b) shows the J-V characteristic of an equivalent 
ITO/PVK/Al device. Using a similar sweep from 0 V to -3 V, the device exhibits only 
a single ON state, without any discernible transitions.  
 


































































Figure 2.9 (a) Typical J-V characteristics of an Al/PCz/ITO device in the ON and 
OFF state, showing an OFF-ON transition when voltage reaches -1.8 V. (b) Typical J-
V characteristics of an Al/PVK/ITO device, showing PVK always exhibiting an ON 
state. 
 
The transition from the OFF state to the ON state for the PCz device serves as 
a ‘write’ operation in the memory device. It was found that the transition to the ON 
state was irreversible. The switching time of the device was found to be around 1 ms, 
measured by applying a voltage pulse duration to observe an OFF-to-ON transition at 
the threshold voltage. After the device is switched to its ON state, it remains in the 
ON state even after the power has been turned off. It cannot return to its OFF state by 
subsequent application of a positive or negative bias. Furthermore, once the ON state 
is reached, the device exhibits the high conductivity state in both the negative and 
positive voltage sweep. Thus, the device based on PCz behaves as a write-once read-




stress was attempted. At a negative bias exceeding -6 V, the device showed a sudden 
drop in current density, due to the bulk polymer breakdown at the high electric field 
stress of ~1.2x106 Vcm-1 (not shown), similar to oxide breakdown in metal-oxide-
silicon (MOS) transistor. 
 
2.4.2 Capacitance-voltage measurement 
 The capacitance-voltage (C-V) curve was obtained for the ITO/PCz/Al device. 
The top Al electrode and the bottom ITO was used as the anode cathode respectively  
for the C-V measurement. As seen in Fig. 2.10, in the negative sweep from 0 V to -4 
V, the capacitance of the device increased from  10-13 F to 10-8 F at the threshold 
voltage of -2 V. The increased in capacitance is expected due to the increase in 
accumulated charge in the ON state device. At a read voltage of  -1 V, the change in 
capacitance was ~ 105, close to the ON/OFF current ratio of ~106.  
 

































2.4.3 Reliability studies of memory device 
 The retention time of the ON and OFF states of PCz was tested under ambient 
conditions. Initially, the device in the OFF-state was subjected to a constant voltage 
stress of -1 V, and the OFF-state current was recorded every minute. Then the device 
was programmed by a voltage sweep and the ON-state was measured under the same 
stress conditions. Fig. 2.11(a) shows that the device has both stable ON and OFF state 
current within the 12 h time frame tested, which can be extrapolated to sustain for 10 
years, as shown in Fig. 2.11(b).  Also, a high ON/OFF current ratio of 106 is sustained. 
 



































































Figure 2.11 (a) Stability of the ITO/PCz/Al device in either the OFF or ON state 
under a constant stress of -1 V. The device shows stability up to 12 hours, with an 
ON/OFF ratio of ~106. (b) Stability of the ITO/PCz/Al device that can be extrapolated 
to 10 years timeframe. 
  
 The number of times in which the device could be read is essential for its 
performance, especially in the case of a WORM memory. Once the data is written 
into the memory cell, it should be able to be read numerous time without degradation. 
The effect of read pulse on the OFF and ON states of the ITO/PCz/Al device is 
performed using read pulse of 1 V magnitude and 1 µs pulse width. As shown in Fig. 


































Figure 2.12 Effect of read pulses on the OFF and ON state od ITO/PCz/Al device. 
 























Figure 2.13 Fitted J-V curves of the bistable state Al/PVK/ITO device. 
 
 To further understand the conducting mechanism of the memory device, the J-




state were fitted to the conduction models. As shown in Fig. 2.13, the single 
conductivity curve of ITO/PVK/Al device could be fitted to the Ohmic conduction 
model. The resistance of the device is calculated as 246 Ωcm2. As shown in Fig. 
2.14(a), the J-V curve of ITO/PCz/Al device in the OFF-state can be fitted by the 











exp* 2     Eqn (2.3) 
 
where A* is the effective Richardson constant, Bφ is the barrier height, iε is the 
insulator permittivity, and d is the insulator thickness. As shown in Fig. 2.14(a), a 
linear relation between log J and V1/2 was obtained.  Fig. 2.14(b) shows that the ON-
state current can be fitted by the Ohmic conduction model with the following equation, 
  
        Eqn (2.4) [ TcVJ /exp −∝ ]
 
where c is a positive constant independent of V and T. 
 The Ohmic nature of the PCz device in the ON state is similar to the Ohmic 
characteristic of conduction in PVK [15], suggesting a similar conduction mechanism 
in the conducting state arising from the hole conduction by the carbazole groups 
present in both the polymers. From the J-V curve, the ON state resistance of the 
ITO/PCz/Al device is ~ 1.6 Ωcm2, lower than the single state resistance of 246 Ωcm2 





















































Figure 2.14 Fitted J-V curves of the bistable state ITP/PCz/Al device: (a) OFF-state 






2.5. Results and Discussion 
2.5.1 HOMO/LUMO understanding 
 Fig. 2.15 shows the schematic energy band diagram of the ITO/PCz/Al 
sandwich structure. The HOMO and LUMO energy level of PCz is 5.3 eV and 1.78 
eV respectively, and the energy level of the ITO and Al electrode is at 4.8 eV and 4.2 
eV respectively. PCz, with the presence of the hole-transporting carbazole groups, 
acts as a donor. It favors the injection of holes rather than electrons. As seen in the 
energy diagram, the barrier to hole injection from the ITO electrode to the HOMO of 
PCz at 0.5 eV is smaller, compared to the barrier to hole injection from the Al 
electrode to the HOMO of PCz at 1.1 eV. Thus, the bi-stable states performance of the 
device was observed only in the reverse bias, with holes transport as the conducting 
mechanism. At sufficiently high reverse bias, the holes could surmount the energy 
barrier of 0.5 eV at the ITO/PCz interface and get injected into PCz. 
 
 
































2.5.2 Density function theory simulation studies 
 It is well known that the high conductivity of poly(N-vinylcarbazole) (PVK) is 
due to the charge carriers (holes) hopping through the neighboring carbazole groups 
rather than migrating through the polymer backbone since it is not a conjugated 
polymer [15]. The neighboring carbazole groups in PVK have a high tendency to form 
the face-to-face conformations in the ground state [23]. To illustrate the face to face 
conformation, the simulated 3D models for PVK and PCz from molecular mechanics 
or density function theory (DFT) were obtained from the Biorad Sadtler Suite, version 
1.0, and SymApps 6.0 softwares. In DFT, electron density is a function to three 
variables, the x, y and z position of the electrons. Also, the energy of the molecule is a 
functional of the electron density, which approximates the function to relate the 
molecular geometry at certain energy states.  The simulation results in Fig. 2.16 
showed the optimized geometry corresponding to the minimized energy states in the 
PVK and PCz polymers. As seen by the face to face carbazole alignments in the PVK 
polymer in Fig. 2.16(a), the regioregular structure suggests that the conductivity of 
PVK is due to the hole hopping through the nearby aligned carbazole groups. In the 
OFF state, PCz polymer, however, shows a regiorandom structure, (seen in Fig. 
2.16(b) in which the carbazole groups are scattered far from each other, mainly due to 
the long spacer between the carbazole groups and the main chain that hinders 
regioregular arrangement. The simulation for the optimized geometry is not done for 
an ON state polymer device, due to the exhaustive iteration to simulate the maximized 
energy state. 
As a result of the face to face carbazole alignments in the PVK polymer, the 
region of electron delocalization is extended to several carbazole groups. The charge 




groups in the direction of electric field (E-field). Since PCz has the similar molecular 
structure to PVK, its conductivity mechanism should be similar to that of PVK. 
However, at low E-field, the current density of the device based on PCz is low and the 
device is in its OFF state. In comparison with the molecular structure of PVK, PCz 
has a relatively extended side chain. The flexible molecular spacer between the 
carbazole group and the backbone does not favor interaction of the carbazole groups, 
but promoting them to form regiorandom structure at the ground state (Fig. 2.16(b)). 
The charge carriers (holes) will have difficulty to hop through the neighboring 
carbazole groups due to the absence of face-to-face conformations and the long 
distance between the neighboring carbazole groups.  
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Figure 2.16 Simulation results by Molecular Mechanics showing the optimized 




2.5.3 X-Ray diffraction studies 
X-ray diffraction is widely used to characterize the solid state parameter. X-ray 
diffraction will give very distinct patterns for crystalline and amorphous materials. 
Under the X-ray diffraction, the periodic repeating electron density from the materials 
will correspond to defined diffraction peak. Crystalline materials will give rise to a 
distinct sharp diffraction peak while amorphous materials will give rise to a broad 
diffused diffraction peak. 
 The XRD analysis setup is as follows. The X-ray tube, loaded with the Cu as 
the target source, is set at a voltage of 40 kV and current of 30 mA. Both the 
diverging and scatter slit is set at 1° while the receiving slit is set at 0.3 mm. The 
scanning range for the analysis is set from  θ = 1.5° to 2θ = 80°, with the scan rate of 
2°/min. The polymer samples, in their powder form, are being placed in the aluminum 
sample holder. The XRD patterns of both PVK and PCz samples at ground state are 
shown in Fig. 2.17. The diffraction peaks at around 38.31o, 44.18o, 64.55o and 77.60o 
are from the contamination of aluminum sample holder. Two diffraction peaks 
centered at 2θ=20.56o (4.316 Å) and 7.76o (11.384 Å), respectively, were observed 
(the magnitude in the brackets represents the corresponding d-value for 2θ peak) for 
PVK [24,25]. The former peak is an amorphous halo which is broad, diffuse and 
strong, while the latter peak has been shown to be a function of chain parallelism [26], 
with the nearest chain-to-chain distance of about 11.384 Å. The result indicates that 
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Figure 2.17 X-Ray diffraction patterns of PVK and PCz at ground state. 
 
The XRD spectra of PCz consists only one broad peak at around 2θ=18.73 
(4.734 Å), similar to the one at 2θ=20.56o of PVK. The results indicate that PCz is 
amorphous in the ground state. The holes were still the majority carrier in the 
amorphous polymer but both generation and mobility are substantially reduced 
compared to the unsubstituted PVK with paracrystalline structure [25]. XRD results 
indicated that the spacer between the carbazole group and the backbone interferes 
with the interactions in the amorphous polymer, hence eliminating the unusual degree 
of chain parallelism and destroying the ability to crystallize. As a result, PCz is in its 
regiorandom non-conductive state at a low field.  
 The XRD analysis was also performed to analyze the PCz polymer in its ON 




of 30 mg/ml was spin coated on a 2.5 by 2.5 cm2 ITO substrate and bake at 60 °C for 
9 h. The higher concentration of 30mg/ml, compared to the usual 10 mg/ml for device 
fabrication, is necessary to increase the sensitivity of XRD detection. The resulting 
PCz on ITO (ITO/PCz) was used in the XRD analysis. To obtain an ON state device, 
a Hg ball of ~ 2 mm diameter was placed on a second ITO/PCz device. Probe needles 
were placed on the Hg ball and the ITO surface to bias the ITO/PCz/Hg device with 
Hg as the anode and ITO as the cathode. When a reverse voltage sweep was applied 
across the ITO/PCz/Hg device, the ITO/PCz/Hg device was switched to the ON state, 
indicating that the PCz has changed into its regioregular structure. The Hg ball is next 
removed and the ITO/PCz is used for the XRD analysis of the ON state PCz structure.  




















Figure 2.18 X-ray diffraction pattern of PCz in its OFF and ON state. 
 
 Fig. 2.18 shows the XRD characterization of the ON and OFF state PCz 
polymer prepared by the above methods. As seen in the XRD spectra, the PCz in the 





2.5.4 Raman studies  
To characterize the influence of electric field on the conformation changes 
during measurement, Raman scattering technique, which utilize laser irradiation to 
excite the samples to a conductive state similar to the effect of an electric field, was 
employed. Raman scattering analysis measures the vibrational energies of molecules. 
For a vibration to be Raman active, the polarizability of the molecule must change 
with the vibrational motion. As Raman scattering is not efficient, a high power 
excitation source (laser) is used. In our Raman scattering analysis, the laser irradiation 
is used to excite the samples to a conductive state.  
The Raman spectra of PVK and PCz are shown in Fig. 2.19. Most of the 
scattering frequencies of PVK are also observed in the Raman spectra of PCz. In 
addition, the frequencies associated with the –OCH2- group in PCz are also observed 
at around 1350 and 2860 cm-1. The conductivity of PVK has been attributed to the 
presence of the 1,2,4-substituted aromatic rings and the quinonoidal C=C structure, 
which have Raman peaks in the range of 750~850 and around 1600 cm-1, respectively 
[27,28]. The Raman spectrum of PCz also shows the presence of 1,2,4-substituted 
benzene rings (at 835 cm-1) and the quinonoidal C=C structure (at 1596 cm-1)  under 
laser irradiation. The results indicated that PCz has transformed into a conductive 














Figure 2.19 Raman spectra of PVK and PCz under laser irradiation. 
 
2.5.6 Temperature dependence studies 
 PCz has a high onset decomposition temperature of 300 °C and a glass 
transition temperature (Tg) of 196 °C. Below the glass transition temperature, the 
material is in the solid form. However, due to the absence of long range molecular 
order, it is non-crystalline and is an amorphous solid, or glass. The glass transition of 
the polymer is related to the thermal energy required to allow changes in the 
conformation of the molecules at a microscopic level, and above Tg there is sufficient 
thermal energy for these changes to occur. With a high Tg of 196 °C, we expect no 
substantial damage to the ITO/PCz/Al memory device and the memory performance 
will be stable when operating at a temperature below Tg. 
 To investigate the effect of joule heating by the current applied on the device’s 




state devices were measured as in the J-V set up, except that the devices were placed 
onto a hot chuck that was connected to a heating source. The actual temperature was 
measured using a thermocouple. The current density of the devices was measured 
with a read voltage sweep of magnitude 1 V, first at room temperature, and then at 
several increasing temperature step.  



























Figure 2.20 The current density-temperature plot of a turned-ON Al/PCz/ITO device, 
obtained at a read voltage of 1 V. The device shows stability at its ON state from 
room temperature to around 120°C.  
 
 As shown in Fig. 2.20, the device was found to be stable in its ON state from 
room temperature to around 120 °C. The result is expected as PCz has a relatively 
high glass transition (Tg) of 196 °C. For a substrate temperature of about 300K, an 
ON-state current density of 1 Acm-2 at an applied voltage of 2 V, and thermal 










where P= J.V is the power density dissipated in the film, T is the film temperature, 
and  κ, ρ and  are the thermal conductivity, density and heat capacity at fixed 
volume of the PCz film, respectively; the maximum temperature in the film is 
substantially below 120 °C. Therefore, the PCz device will remain in its regioregular 
conducting ON-state, rather than undergoes a transition back to the regiorandom non-
conducting OFF-state. Furthermore, the regioregular conducting ON-state, produced 
by the initial electrostatic ordering, is retained as long as the polymer remains below 
its glass transition temperature. 
vc
 
2.5.7 PCz proposed mechanism 
At low electric field, the spacer between the carbazole groups and the 
backbone of PCz contributes to the amorphous form, as seen in the XRD result. As a 
result, the PCz polymer is in a regiorandom non-conductive state in the low field.  
As the E-field increases in the reverse bias, hole injection from the ITO causes 
the carbazole groups near the ITO region to be oxidized, forming positive species. 
Driven by the applied field, the charged carbazole group has the tendency to attract 
the nearby neutral carbazole groups to form partial or full face-to-face conformation. 
The positive charge will then be delocalized to neighboring carbazole groups through 
the more ordered conformation. As the delocalization process increases with the 
increase in electric field up to the required threshold value, the carbazole groups in the 
bulk material re-organized from a regiorandom to a regioregular structure, in the 
general direction of the electric field towards the Al cathode. As a result, a high 
conductivity path among the hole-transporting carbazole groups is established and the 
device is switched to its ON state. The oxidized carbazole groups are further 





 A WORM memory device based on a newly synthesized acylate polymer 
containing a carbazole pendant group was demonstrated. The WORM device 
exhibited a high ON/OFF current ratio of 106, a long retention time in both ON and 
OFF states, and could sustained up to ~107 read cycles. Compared to PVK, the 
bistable memory property of PCz is attributed to the presence of the spacer between 
the pendant carbazole group and the polymer backbone. The molecular spacer has 
allowed the transition of the carbazole groups from the disoriented (low conductivity 
state) to the ordered face-to-face conformation (high conductivity state) at threshold 
voltage. All these characteristics make the device potentially viable. Finally, the use 
of the relatively simple homopolymer of PCz makes the production of memory 
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Tuning Conductance Switching and Memory Effects of 
Devices Based on Vinyl and Acrylate Polymers Containing 
Carbazole Pendant Groups 
 
 In this work, conformation-induced volatile and non-volatile conductance 
switching effects were demonstrated in non-conjugated polymers containing the same 
pendant groups. By tuning the conformation and functionality of pendant moieties of 
vinyl and acrylate polymers, various memory properties, including write-once read-
many-times (WORM) memory and dynamic random access memory (DRAM) can be 
obtained in indium-tin-oxide/polymer/aluminium single layer device structure. 
Molecular conformation-dependent write-once read-many-times (WORM) memory 
behavior with an ON/OFF current ratio up to 106 is obtained in a device based on an 
acrylate polymer containing pendant carbazole (donor) groups, poly(2-(N-
carbazolyl)ethyl methacrylate) (PCz). When spacer units linking the carbazole groups 
to the main chain is changed from the O=C-O-C-C group to the phenyl-C-O-C-C 
group to allow an even greater degree of conformation freedom, the poly(9-(2-((4-
vinylbenzyl)oxy)ethyl)-9H-carbazole) (PVBCz) device exhibits volatile memory 






 Electroactive organic materials have been widely explored as light emitting 
diodes [1], transistors [2], solar cells [3] and recently memory devices [4]. Compared 
to their inorganic counterparts, the advantage of organic materials lies in the fact that 
their electronic properties can be easily tuned, by structural design, synthesis and 
modification, to exhibit a series of memory functions. These memory functions have 
included write-once read-many-times (WORM) memory [5,6,7] dynamic random 
access memory (DRAM) [8], and flash (rewritable) memory [9] effects. Rather than 
encoding “0” and “1” from the amount of charges stored in a cell, a polymer memory 
stores data in another form, for instance based on the high and low conductivity 
response to a applied voltage [10]. The use of solution based processing techniques, 
such as spin coating, ink-jet printing and stamping [11], as well as vapour-phase 
deposition of small molecules [12], allows for the low cost and ease of fabrication. To 
function as viable memory devices, the polymer memories must possess a high 
ON/OFF current ratio between the electrical bistable states to minimize any error 
during the read cycle, as well as a long retention time for their ON and OFF states.   
Devices with three distinctly different properties, viz., a true insulator, a 
bistable device with an ON/OFF current ratios larger than 104 and a write-once-read-
many-times (WORM) device, were obtained with increasing fullerene concentration 
in polystyrene [13]. Tunneling was identified as the basic device mechanism for the 
three devices and the different electronic behaviors were attributed to the varying 




However, the tuning of polymer structure for distinctly different memory applications 
based on molecular conformation-induced conductance switching has yet to be 
explored in detail.  
 The carbazole molecule is a well-known electron-donor and hole-transporting 
group [14]. Carbazole-containing polymers have been used in various technological 
applications due to their unique photochemical- and electro-properties [ 15 ].The 
photoconductive properties of carbazole-containing polymers and their ability to 
transport positive charges (holes) are exploited in many applications, such as in the 
electrophotographic process and in light-emitting, photorefractive and photovoltaic 
devices. [16] In addition, carbazole-containing polymers and complexes have been 
used in single-layer memory devices, such as nonvolatile polymer flash memory 
devices [9, 17 ] and a write-once-read-many-times (WORM) memory device [6]. 
Poly(N-vinylcarbazole) (PVK) has been used as the active medium in the fabrication 
of single-layer memory devices containing rare earth complexes [18].  
In this work, we demonstrate the effect of chemical structure on the 
conformation-induced switching properties of non-conjugated polymers with pendant 
carbazole groups in different spacer units (see Fig. 3.1 for their chemical structures). 
Poly(N-vinylcarbazole) (PVK) was used as a reference. With the increase in spacer 
length and steric effect between the carbazole group and the polymer backbone, the 
electronic property of the polymers in the simple ITO/polymer/Al devices can be 
changed from that of a single conductivity state (for the PVK device) to that of the 




memory device reported earlier [6], or to  the volatile bistable states (for the poly(9-
(2-((4-vinylbenzyl)oxy)ethyl)-9H-carbazole, or PVBCz, memory device).  
 
3.2. Experimental details 
3.2.1 Polymerization of monomers 
 The polymers used were synthesized by free-radical polymerization of the 
respective monomers in dry tetrahydrofuran (THF) for 72 h at 65 ºC, with 1 mol/L 
monomer feed concentration and azobisisobutyronitrile (AIBN) as the initiator, under 
an argon atmosphere. Each polymer was precipitated in methanol and purified by 
Soxhlet extraction with methanol. Poly(N-vinylcarbazole) (PVK) was synthesized by 
polymerization of 9-vinylcarbazole (98%). 2-(N-carbazolyl)ethyl methacrylate and the 
corresponding polymer, poly(2-(N-carbazolyl)ethyl methacrylate) (PCz) was 
synthesized as reported [6]. For the preparation of 9-(2-((4-vinylbenzyl)oxy)ethyl)-
9H-carbazole [19], 9H-carbazole-9-ethanol (97%, 5.6 g or 25.2 mmol) and sodium 
hydride (95%, 1.0 g or 41.7 mmol) were dissolved in THF. 4-Vinylbenzyl chloride 
(97%, 4.0 ml or 25.6 mmol) was added in one portion and the solution was stirred in a 
60ºC oil bath for 24 h under an argon atmosphere. The excess solvent was evaporated 
and the product extracted by diethyl ether to yield the corresponding polymer poly(9-
(2-((4-vinylbenzyl)-oxy)ethyl)-9H-carbazole (PVBCz).  
 
 


































Figure 3.1 (a) Molecular structures of poly(N-vinylcarbazole) (PVK), (b) poly(2-(N-
carbazolyl)ethyl methacrylate (PCz), and (c) poly(9-(2-((4-vinylbenzyl)-oxy)ethyl)-
9H-carbazole (PVBCz). 
 
3.2.2 Fabrication of device 
The fabrication of an ITO/polymer/Al device is described below. The indium-tin-
oxide (ITO) coated glass substrate was cleaned, a prior, with deionized water, acetone 
and isopropanol, in that order in an ultrasonic bath for 20 min. The polymer film of 
~50 nm in thickness was spin-coated at 2000 rpm   onto the ITO substrate from a 10 
mg/ml concentration solution, followed by solvent removal in a vacuum chamber at 
10-5 Torr and 60ºC for 12 hours. A layer of Al of ~150 nm in thickness was thermally 
evaporated through a shadow mask at a pressure of ~10-7 Torr to form the top 
electrodes (anode) and to define devices of area 0.16, 0.04 and 0.0225 mm2 
respectively. The ITO substrate acts as the bottom electrode (cathode).  Fig. 3.2 shows 










Figure 3.2 Schematic diagram of the memory device consisting of a thin film (~50 
nm) of polymer sandwiched between an indium-tin-oxide (ITO) and an aluminum top 
electrode (0.4 by 0.4 mm2, 0.2 by 0.2 mm2 and 0.15 by 0.15 mm2, ~150 nm in 
thickness). 
 
3.3 Physical characterization of polymers  
3.3.1 Fourier transform infrared (FT-IR) absorption spectrum 
 Fourier transform infrared (FT-IR) spectroscopy was performed on a 
Shimadzu FTIR-8400 spectrophotometer. A mixture containing 100 mg of potassium 
bromide (KBr) and 1-2 mg of a polymer was ground into fine powder and compressed 
to form a transparent pellet for the FT-IR measurement. The FT-IR data obtained for 
the polymers are as follows. Poly(N-vinylcarbazole) (PVK) [FT-IR spectroscopy 
results (KBr pellet, cm-1, υ-stretching): 3045, 3021, 2694, 2930 (υ(C-H) aliphatic); 
1482, 1451 (υ(C=C) aromatic); 745, 718 (υ(C-H) carbazole). For poly(2-(N-
carbazolyl)ethyl methacrylate) (PCz) [FT-IR spectroscopy results (KBr pellet, cm-1): 
3050, 2938 (υ(C-H) aliphatic); 1729 (υ(C=O)); 750, 724 (υ(C-H) carbazole). For 







results (KBr pellet, cm-1): 3052, 3019, 2922, 2855 (υ(C-H) aliphatic); 1484, 1460 
(υ(C=C) aromatic); 1212 υ(C-O-C); 1119 (υ(C-H) benzene in styrene); 1018 (υ(C-O-
C)); 750, 723 (υ(C-H) carbazole).  
 
3.3.2 Molecular weight and glass transition temperature 
 The molecular weight and polydispersity index (PDI) were measured by gel 
permeation chromatography (GPC) using DMF as the eluent. Glass transition 
temperatures of the polymers (Tg) were determined by differential scanning 
calorimetry on a Mettler Toledo DSC822e scanning calorimeter. The measurement 
results are as follows. Poly(N-vinylcarbazole) (PVK) [GPC: Weight average 
molecular weight or Mw ~ 12,000 g mol-1, Polydispersity index or PDI ~ 1.5, DSC: Tg 
~ 210 ºC]. For PCz, [GPC: Mw ~ 15,800 g mol-1, PDI ~ 2.7, DSC: Tg ~ 196 ºC]. For 
PVBCz [GPC: Mw ~ 24,000 g mol-1, PDI ~ 1.7, DSC: Tg ~ 109 ºC]. PVBCz shows a 
heavy molecular weight, a lower Tg  (109 °C versus 210 °C) than PCz, due to the 
bulkier phenyl group present. 
 
3.3.3 Cyclic voltammetry measurement 
The UV-visible absorption spectra of the polymers in dilute THF solutions were 
obtained using a Shimadzu UV-3101 PC spectrophotometer. Cyclic voltammetry 
measurements were performed on an Autolab potentiostat/galvanostat system using a 
three-electrode cell under an argon atmosphere. The polymer film coated on a Pt disk 




cathodically in a solution of tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) 
in acetonitrile (0.1 M), with Ag/AgCl and a platinum wire as the reference and 
counter electrode, respectively. From the UV absorption edge calculation and the 
cyclic voltammetry results, both the PCz and PVBCz polymers have a HOMO and 
LUMO level of about 5.3 eV and 1.8 eV, respectively. 
 
3.3.4 X-ray diffraction measurements 
X-ray diffraction (XRD) analysis was performed on powder samples using a 
Shimadzu XRD-6000 spectrometer with a Cu Kα monochromatic radiation source at 
40 kV and 30 mA. The 2θ angle was scanned from 0o to 80°.  The X-ray diffraction 
(XRD) patterns of the three polymers are shown in Fig. 3.3 (diffraction peaks at 
around 9.85, 38.31, 44.18, 64.55 and 77.60 arise from the aluminum sample holder). 
Two diffraction peaks centered at 2θ=20.56o (4.316 Å) and 7.76o (11.384 Å) were 
observed (number in bracket represents the corresponding d-value for the 2θ peak) for 
PVK [20,21]. The former peak is an amorphous halo which is broad, diffuse and 
strong, while the latter peak has been shown to be a function of chain parallelism [22], 
with the nearest chain-to-chain distance of about 11.38 Å. The result indicates that 
PVK is regioregular. However, the XRD spectra of PCz and PVBCz consist of only 
one broad peak at around 2θ=18.73o (4.734 Å) and 2θ =19.77o (4.487 Å), respectively. 
These broad diffraction peaks are similar to that at 2θ=20.56o of PVK. The results 
suggest that PCz and PVBCz polymers are amorphous at the ground state. The XRD 
results thus indicate that the spacer between the carbazole group and the backbone 
interferes with the interaction of the carbazole rings in the amorphous polymer, 
eliminating the unusual degree of chain parallelism and destroying the ability to 
crystallize. 


























Figure 3.3 X-ray diffraction patterns of PVK, PCz and PVBCz at ground state. Two 
diffraction peaks centered at 2θ=20.56o and 7.76o were observed for PVK. However, 
the XRD spectra of PCz and PVBCz consist of only one broad peak at around 
2θ=18.73o and 2θ=19.77o, respectively.  
 
3.4 Electrical characterization of memory devices 
Electrical measurements were carried out on a HP4155C semiconductor 
parameter analyzer and an Agilent 41501B pulse generator. All electrical 




any encapsulation. The top Al electrode and bottom ITO electrode were connected to 
a varying voltage source. The bottom ITO was grounded and the current passing 
through the electrodes was monitored. The electronic properties of all the three 
ITO/polymer/Al devices are studied. All the devices of area 0.4 x 0.4 mm2, 0.2 x 0.2 
mm2 and 0.15 x 0.15 mm2  were measured and their current densities were used as the 
normalized parameters for the current-voltage evaluation. 
 
3.4.1 Single high conductivity state 
 The typical current-density-voltage (J-V) characteristic of an ITO/PVK/Al 
device is shown in Fig. 3.4. The J-V curve of the device fabricated with PVK as the 
active polymer layer shows the device to be always in a single high-conductivity state 
(Ohmic conduction), without any discernible switching behavior observed when the 
voltage across the device is swept from 0 to -3.0 V.  
 



































3.4.2 Write-once read-many-times memory device 
 For the as-fabricated ITO/PCz/Al device, the current density (seen in Fig. 3.5) 
shows a low-conductivity state (~10-6 A cm-2, OFF-state) at a read voltage of -1 V. By 
sweeping the voltage from 0 V to -3 V (Sweep 1), a switch in the conductivity state 
was observed. Upon reaching the threshold voltage of around -1.8 V, the devices 
switched from the low conductivity (OFF) state to a high conductivity (ON) state with 
a current density of ~1 A cm-2. The device remained in the ON state as the voltage 
was swept from -1.8 V to -3 V. With subsequent sweeping of the voltage under 
negative bias (Sweep 2), the current density was characteristic of that of the ON state 
current. The device remains in the ON-state even after the power has been turned off. 
The device has an ON/OFF current ratio up to 106 when read at -1 V. The 
ITO/PCz/Al device thus exhibits write-once read-many-times (WORM) memory 
behavior, as it is both non-rewritable and nonvolatile after it has been switched ON. 
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The stress reliability test was done by applying a continuous voltage stress of -
1 V across the ITO/PCz/Al device. As shown in Fig. 3.5, both the ON state and OFF 
state current are sustained for up to 12 h, with an ON/OFF current ratio of around 106. 
From both the J-V characteristic and time reliability test, it can be seen that once in its 
ON-state, the ITO/PCz/Al device retains its high-conductivity state, making it a 
suitable WORM memory device. Since the current densities are consistent for devices 
of different area sizes, we conclude that the current is proportional to the device area 
and rule out the possibility of filament conduction in our studies. 
 
3.4.3 Dynamic random access memory device 
 The J-V curve of the ITO/PVBCz/Al device is shown in Fig. 3.6. When a 
voltage sweep from 0 V to -3 V was applied (Sweep 1), the ITO/PVBCz/Al device 
switches from the OFF to the ON state at the threshold voltage of  -2.0 V, with an 
ON/OFF current ratio of about 103. The device maintains its ON-state when the 
voltage sweep was repeated (Sweep 2) and the ON state cannot be switched back to 
the OFF state by manipulating the magnitude or direction of voltage biasing (as 
shown by Sweep 3, the ON state device remains in its high conductivity state under 
the reverse bias). However, when the voltage bias is removed from a device in the ON 
state, the memory device was only able to sustain its ON state for up to about 2-10 
min, before returning to the OFF state. Upon returning to the OFF state, the device 
can be switched to the ON state again by applying the appropriate voltage (as seen by 
Sweep 4, which is similar to Sweep 1). Alternatively, in its ON state, the ON state can 
be electrically sustained by refreshing pulses of -1 V (pulse width = 10 ms) every 5 s 
(seen in Fig. 3.6).  
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Figure 3.6 J-V characteristics and the stress reliability test of an ITO/PVBCz/Al 
device. 
 
 Fig. 3.7 shows the stress reliability test done on the ITO/PVBCz/Al device. 
Both the ON-state and OFF-state current of ITO/PVBCz/Al device remain stable 
under the continuous voltage stress of -1 V for up to 4 h, while maintaining an 
ON/OFF current ratio of approximately 103.  The continuous voltage stress of -1 V is 
needed to sustain the ON-state current for the volatile ITO/PVBCz/Al device. From 
the experimental results, the ITO/PVBCz/Al device exhibits the characteristic 































Figure 3.7 The reliability stress test of the ITO/PVBCz/Al memory device in the ON 
and OFF state. 
 
 The behavior of the ITO/PVBCz/Al device shares some common 
characteristics with that of a dynamic random access memory (DRAM), except for the 
relatively long retention time (~2 min) of the ON state. Both the ON and OFF states 
are also stable up to 108 read cycles at a read voltage of -1 V, as shown in Fig. 3.8. No 
resistance degradation is observed for both the ON and OFF states during such testing. 




 Figure 3.8 Effect of read cycles on the OFF and ON states. 
 
 Similar switching performances were observed using either an evaporated 
aluminum-top electrode or a mercury-droplet electrode. This result allows the 
exclusion of interfacial oxides, metal nanoparticles, or filaments as the origin of the 
observed conductance switching [23]. Furthermore, the almost linear current-area 
dependence of both the OFF and ON states when the active device area was reduced 
from 0.16 to 0.04 to 0.0225 mm2, giving almost constant current densities, indicate 
the absence of sample degradation and dielectric breakdown. The conductance 
switching observed can thus be fully attributed to the change in the material properties 
of the polymer layer upon applying an external bias. Additional spectroscopic and 









3.5. Results and discussion 
3.5.1 Effect of spacer unit on electrical properties 
  Devices fabricated from PVK are always in the high conductivity state, while 
those from PCz and PVBCz are at the low-conductivity state initially. Both PCz and 
PVBCz devices have comparable turn-ON voltages (-1.8 and -2.0 V, respectively) 
because both operate on the same mechanistic principles. The switching times of the 
two devices obtained at room temperature, 1 ms for the PCz device and 5 ms for 
PVBCz device, are also comparable. As the pendant groups of the polymer acquire a 
higher degree of conformational freedom at a higher temperature, they are able to 
undergo reorientation with less activation energy and greater speed. Thus, the 
switching time of the device is expected to decrease when the devices are operated at 
a higher temperature (but lower than the glass transition (Tg) or crystallization 
temperature (Tc)). Also, the presence of different spacer units in PCz and PVBCz 
have negligible effects on their bandgaps, as well as the highest-occupied molecular-
orbital (HOMO) and lowest-unoccupied molecular-orbital (LUMO) energy levels, as 
indicated by UV absorption edge calculations and cyclic voltammetry results, 
respectively [24,25]. The polymers have a band gap of about 3.5 eV, a HOMO level 
of about 5.3 eV, and a LUMO level of about 1.8 eV. However, the PVBCz device, in 
addition to being volatile, has a much lower ON/OFF current ratio than that of the 





 The glass transistion temperature of PCz and PVBCz was found to be 196 °C 
and 109 °C, respectively, considerable lower than that of PVK at 210°C. The high Tg 
for PVK is attributed to the conformational stiffness of the carbazole groups as its 
rotation about the C-N bond is highly restricted.[ 26 ] Thus, a high degree of 
crystallinity exists in PVK and the carbazole groups are predominanatly packed in the 
face-to-face conformations. The PVK device is therefore always in its ON state and 
no switching effect is seen. The addition of a flexible spacer between the carbazole 
and the main chain allows the carbazole groups to move away from its close packing 
of face-to-face conformation. The increase in free volume of the polymer has lead to a 
lowering of Tg [27]. Also, the vinylbenzene group in PVBCz is bulkier than the 
methacrylate group in PCz and thus lowered the Tg of PVBCz further.  
 Comparing the chemical structures (Fig. 3.1) and memory properties (from the 
J-V curves in Figs 3.5 and Fig. 3.6) of PCz and PVBCz, the bulkier spacer between 
the pendant carbazole group and the backbone in PVBCz allows a larger free volume 
and a greater degree of conformational freedom (as is also indicated by a lower Tg of 
109°C for PVBCz versus 196°C for PCz) for relaxation through, for example, rotation 
of the carbazole and phenyl rings about the C−O bond, causing the ON state to be 
unstable without the continuous application of a bias. Once the externally applied 
voltage is removed, the carbazole groups in PVBCz return to their original random 
conformation (OFF state). On the other hand, the neighboring electronwithdrawing 
O−C=O groups in PCz further stabilize the positively charged carbazole groups, 
prolonging the retention of the ON state. Thus, in contrast to the WORM-type 
behavior exhibited by the PCz device, the memory effect exhibited by the PVBCz 
device is volatile. 
 
3.5.2 Optimized 3D Simulation studies 
To understand the conformation-induced conductance switching involving the 
carbazole groups, the optimized 3D geometry of PVK, PCz and PVBCz, 
corresponding to their minimum energy state, are simulated. The simulated 3D 
models for PVK, PCZ, and PVBCz from molecular mechanics (MM) or density 
function theory (DFT) were obtained using the Biorad Sadtler Suite, version 1.0, and 
SymApps 6.0 softwares. In the DFT simulation, the energy of the molecule is a 
functional of the electron density, which approximates the function to relate the 
molecular geometry its lowest energy states.   As seen in Fig. 3.9(a), the optimized 
geometry of PVK shows that the carbazole groups of PVK have a higher tendency to 
assume the face-to-face conformation in its ground state.  
(a) PVK (b) PCz (b) PVBCz(a) PVK (c) PVBCz(b) PCz
 
Figure 3.9 Simulated 3D models by molecular mechanics showing the optimized 








 At low applied voltages, the carbazole pendant groups attached to the main 
chain via flexible C-O linkages in PCz and PVBCz are initially in random orientations, 
as shown by the simulated 3D models from molecular mechanics in Figure 3.9(b) and 
(c), respectively. Each optimized geometry corresponds to the minimum energy 
conformation of the polymer in the low-conductivity or OFF state, and charge carrier 
hopping along the carbazole groups is difficult. Under a negative bias, hole injection 
from ITO oxidizes the carbazole groups near the interface, forming positively charged 
species. As an effective electron donor, the nearby neutral carbazole groups undergo 
charge transfer or donoracceptor interactions with the positively charged carbazole 
groups to form partial or full face-to-face conformation with the neighboring 
carbazole groups. The positive charge is then delocalized to the neighboring, ordered 
carbazole groups. The process can then propagate through the bulk polymer film. 
When the applied voltage exceeds the threshold value, a  significant fraction of the 
carbazole groups has undergone such a conformational change, resulting in enhanced 
charge transport through neighboring, aligned carbazole groups either on the same or 
neighboring polymer chains (intrachain or interchain hopping), producing the high 
conductivity state (ON state). When the power is turned off, the residual positive 
charges are localized on the carbazole groups, and the polymer becomes “self-doped”.  
PVK exhibits a high conductivity ON state without the need of a threshold 
voltage for the OFF-to-ON transition. Unlike PVK, both the PCz and PVBCz 
structure have relatively long extended side chain. The spacer between the carbazole 




the face-to-face conformation. Thus, at low applied voltages, the carbazole pendant 
groups attached to the main chain via flexible C-O linkages in PCz and PVBCz are 
initially in random orientations, as shown by the simulated 3D models in Table 1. In 
the low-conductivity or OFF state, charge carrier hopping along the randomly 
oriented carbazole groups is difficult. With the increase in electric field in the reverse 
bias, hole injection from the ITO causes the carbazole groups near the ITO region to 
be oxidized, forming positive species. Driven by the applied field, the charged 
carbazole group has the tendency to attract the nearby neutral carbazole groups to 
form partial or full face-to-face conformation. The positive charge will then be 
delocalized to neighboring carbazole groups through the more ordered conformation. 
As the delocalization process increases with the increase in electric field up to the 
required threshold value, the carbazole groups in the bulk material re-organized from 
a regiorandom to a regioregular structure, in the general direction of the electric field 
towards the Al cathode. Once in its regioregular conformation, the polymer exhibits 
its high conductivity state.    
 
3.5.3 I-V curve fitting 
 This difference in conformational effect is supported by the fitting of the 
current density-voltage data to different current transport models. The OFF state J-V 
curves of both PCz and PVBCz devices can be fitted well to a combination of the 
Schottky emission model [28] and the space-charge-limited current model with field-
dependent mobility [29] (Fig. 3.10a and 3.10c). The latter has been widely used for 









exp2       Eqn (3.1) 
where φB is the barrier height, εi is the insulator permittivity, and d is the insulator 



















i πεμε      Eqn (3.2) 
where μ is the mobility of the carriers.  
 The initial current under negative bias, with ITO as the ground electrode and 
Al as the negative electrode, is injection limited because of the charge-injection 
barrier present at the ITO interface. Thus the current is dominated by Schottky 
emission at low voltages. The higher energy barrier for electron injection from the Al 
contact means that the hole injection from ITO is not balanced by electron injection. 
As the voltage is increased, the large number of holes readily supplied by the ITO 
anode results in the flow of current through the device being limited by the buildup of 
space charges in the polymer layer, and the current is a combination of the Schottky 
emission and space-charge-limited conduction with field-dependent mobility. At the 
threshold voltage, there is sufficient energy for the conformation change to occur, and 
the holes can be easily transported along aligned carbazole groups via hopping, 
resulting in a surge in current and Ohmic conduction. However, while the J-V curve 
of PVK [30] and the ON state J-V curve of PCz device can both be fitted to the 







d) as follows 
device is best fitted to a combination of the space-charge-limited model and the 









J i −+∝ με        Eqn (3.3) 
where µ is the mobility of the carriers and c is a positive constant independent of V or 
T. This result can be attributed to the presence of benzene units in the charge transport 





Figure 3.10 Experimental and fitted J-V curves of ITO/PCz/Al in the (a) OFF and (b) 
ON states and of ITO/PVBCz/Al in the (c) OFF and (d) ON states.  
 
 After they are switched to the ON state, both the PCz and PVBCz devices 




similar to or higher than the switching voltage. This observation is consistent with the 
mechanism of conformation-induced electrical bistability. Unlike a rewritable 
memory device operating on a redox or charge-transfer mechanism, in which extra 
charges can be added or removed by application of an appropriate electric field to 
return the device to its original state, the present carbazole-containing polymer 
memories operate on a conformation-induced switching mechanism. Once the 
conduction pathways are formed under an applied electric field, they facilitate charge 
transport under both biases, and the device cannot be switched off by application of 
an opposite bias or a higher voltage of the same bias.  The device can only return to 
the OFF state through conformational relaxation when there is sufficient 
conformational freedom, as in the case of the PVBCz device. Since the carbazole 
polymers are hole-transporting polymers, the switching effect and conduction are 
mainly dependent on the ITO electrode (hole-injecting interface). Consistent with the 
proposed mechanism, the work function of the top electrode does not have a 
significant effect on the electrical behavior. The J-V characteristics of the 
ITO/polymer/Al and ITO/polymer/Hg devices show similar switching behavior, with 
comparable threshold voltages. 
 
3.5.4 Proposed switching mechanism/ effects 
 The high-conductivity (ON) states of PCz and PVBCz are likely to be similar 
to that of poly(N-vinylcarbazole) (PVK), since all three polymers have the same 




structure of the side chain joining the carbazole pendant group to the polymer 
backbone. In PVK, the carbazole groups are directly attached to the main chain, while 
the carbazole groups in PCz and PVBCz are separated from the main chain by the 
O=C-O-C-C and phenyl-C-O-C-C spacers, respectively. The carbazole group is an 
electron-donor and hole-transporter [16,32,33] and has a tendency to form a partial or 
full face-to-face conformation with the neighboring carbazole groups to result in 
extended electron delocalization [34]. Such regions of electron delocalization provide 
pathways for charge-carrier hopping via the carbazole groups in the direction of the 
electric field [16]. The switching effect in the PCz and PVBCz devices probably 
arises from a change in conformation of the polymers via rotations of the carbazole 
groups to result in a more regioregular arrangement, similar to that of PVK. 
The HOMO and LUMO levels of PCz and PVBCz are similar at 5.3 eV and 
1.8 eV, respectively. The barrier to hole injection from the ITO electrode (0.5 eV) is 
lower, compared to the barrier to hole injection from the Al injection (1.1 eV). Thus, 
the bi-stable states are only observed in the reverse bias, with hole transport as the 
conduction mechanism. The fit to Ohmic model for the ON state current of PCz and 
PVBCz indicates that the conducting mechanisms of PCz and PVBCz are similar to 
that of PVK, attributing to the carbazole pendant groups that are present. However, 
for PVBCz, the combined of the space charge limited and Ohmic model is due to the 
less efficient charge transport involving the benzene unit. The carbazole group is an 
electron-donor and hole-transporter and has a tendency to form a partial or full face-




electron delocalization [34]. As a result, the range of electrons delocalized is extended, 
leading to the oxidation and hole transport process for entering the high conductivity 
state. We relate the ability of forming face-to-face conformation to the conducting 
nature of the PVK, PCz and PVBCz polymer.  
 Although PVK has the highest degree of regioregularity among the three 
polymers, the current density of the ITO/PVK/Al device (~ 10-3 Acm-2) in its single 
conductivity state, is not higher than the ON-state current densities in the ITO/PCz/Al 
(~ 10-1 Acm-2) and ITO/PVBCz/Al devices (~10-2 Acm-2). As the charge transport 
pathways of aligned carbazole groups in PCz and PVBCz are formed under the 
influence of an applied electric field, they are the more direct or optimal routes for the 
charge transport between the two electrodes. In contrast, the carbazole groups in PVK 
are unable to respond to the applied electric field to form the optimal charge transport 
pathways due to conformational rigidity of the polymer. Nevertheless, the current 
density of the PVK device is still significantly higher than the OFF-state current 
densities (~ 10-6 Acm-2) of both the PCz and PVBCz devices by up to three orders of 
magnitude.  
 
3.5.5 In-situ fluorescence spectroscopy studies 
 The carbazole groups in PCz overlap to form carbazole-carbazole pairs, 
similar to the excimeric states in solid PVK films [35], when they undergo the voltage 
induced change in conformation. An exciplex is formed when a molecule or sub-unit 




ground state with no substantial charge separation. The excited species are called 
excimers when the two components of the complexes are chemically identical. The 
conformational change effect for PCz and PVBCz is supported by the fluorescence 
spectroscopic.  
 Electrical measurements with a mercury droplet (Hg, 99.9995%, ACS Reagent) 
as the top electrode, instead of the evaporated Al, were obtained using a Kiethley 238 
high current source measurement unit. Fluorescence spectra of the polymer film in the 
bistable electrical states of the ITO/polymer/ Al device were measured in situ on a 
Shimadzu RF-5301PC Spectrofluorophotometer, with the external bias across the two 
electrodes imposed by a HP 6282A DC voltage source. The fluorescence emission 
spectra (λex= 342 nm) of the polymer was measured with and without external bias 
and normalized to the maximum of the monomeric emission peak of the carbazole 
chromophore at about 360 nm. The excimeric carbazole species show broad 
structureless emissions at about 380 and 420 nm [36,37]. The emission at 420 nm is 
assigned to the sandwiched-like excimer fluorescence for the totally ellipsed 
conformation, and the emission at the shorter wavelength to the second excimer 
fluorescence caused by partially overlapped structure with only one eclipsed aromatic 
ring from each carbazole group. For the emission spectrum of the pristine PVBCz 
device, prior to applying any bias, the peak at about 360 nm is attributed to the 
monomer fluorescence of the carbazole chromophore (Fig 3.11). There is no broad 
emission at wavelengths longer than the monomer spectrum. Thus, there is no 




polymer film shows broad emission in the longer wavelength region, which increases 
in emission intensity at 380 and 420 nm, the wavelength of interest. The appearance 
of these emission bands are consistent with the formation of two excimeric states 
under the influence of the electric field. The broadening of the emission peak at 360 
nm also indicates an increase in the types of emitting species in addition to the 
monomeric chromophores. This phenomenon could be caused by the formation of 
carabzole excimers in various overlapping states or carbazole-benzene exciplexes. 
Consistent with the volatile nature of the PVBCz memory device, the fluorescence 
emission spectrum obtained 10 min after removing the bias shows only the 
monomeric emission. A similar stress test experiment performed on the PCz memory 
device reveals a slight red-shift of about 5 nm for the monomeric emission peak, in 
addition to peak broadening and increased emissions at about 380 and 420 nm (Fig. 
3.11). The red shift is indicative of increased electronic delocalization among the 
carbazole groups in PCz because the polymer backbone is non-conjugated. In contrast 
with the PVBCz device, the emission spectrum of the PCz device remains unchanged 
(in the excimer state) when measured after the bias is removed for 10 min, consistent 
with the nonvolatile nature and WORM behavior of the memory device. It can thus be 
concluded from the fluorescence spectra that voltage induced conformational change 








Figure 3.11 Fluorescence emission spectra showing changes in intensity at ~380 and 
~420 nm of the (a) ITO/PVBCz/Al and (b) ITO/PCz/Al devices at 0 V, after 




 Table 3.1 shows the summary of the molecular structure, the conduction 
mechanism and the memory type for the ITO/polymer/Al devices based on the 
carbazole hole transporting group, showing the change in memory type due to the 









































































Table 3.1 The molecular structure, the conduction mechanism and the memory type 








3.5.6 Transmission electron microscope analysis 
 In order to demonstrate the occurrence of conformation change from the 
disordered amorphous phase to the regioregular phase in PCz during the OFF to ON-
state transition, the high-resolution transmission electron microscope (TEM) analysis 
is employed. A JEOL JEM 2010F Field Emission Transmission Electron Microscopy 
was used to obtain high resolution transmission electron microscopy (HRTEM) 
images of the samples at 100kV. The polymer thin film for TEM imaging was 
prepared on a copper grid, which also functioned as the bottom electrode. To get TEM 
images for the ON-state polymer film, a removable Hg droplet was used as the top 
electrode for conductance switching prior to the imaging. The TEM sample 
preparation and analysis steps are described as follows.  
 A thin film of the polymer was first deposited on the surface of the TEM 
copper grid (Cu grid) by drop-casting from the polymer solution, followed by drying 
under reduced pressure. A small mercury droplet was then introduced on top to form 
the Cu grid/polymer/Hg structure. A negative voltage sweep was then applied to the 
Hg droplet, with the Cu grid as the ground electrode, using the HP 6282A DC voltage 
source. After removal of the top Hg electrode, the field-induced changes in the 
polymer thin film were imaged by TEM. The TEM image on the right of Fig. 3.12(a) 
showed the formation of ordered regio-regular structures in the ON-state PCz film, 
when the film was switched from the amorphous OFF state. The paracrystalline 
morphology observed in the ON-state sample represent the regioregular structure of 




structure to the more ordered face-to-face conformation. The ordered morphology of 
the ON state PCz film is similar to that of the regioregular PVK film shown in Fig. 
3.12(b) The conductance switching of the Cu grid/PCz/Hg sample used in the TEM 
analysis of the ON-state PCz film is understood by the hole injection from the Cu 
electrode. From the I-V curve of the Cu/PCz/Hg curve, a slightly larger threshold 
voltage of -2.4 V, as compared to the threshold voltage of -1.8 V for the ITO/PCz/Al 
device, is needed for the conductance switching. The difference in the threshold 
voltage is expected given the difference in the work function of the system. Although 
the switching effect in PVBCz devices also arises from a change in conformation of 
the polymers via rotations of the carbazole groups to result in a more regioregular 
arrangement, the ON-state of the PVBCz was, however, not captured in the TEM 
image as shown in Fig 3.12(c). The absence of ordered regions is, nevertheless, 
consistent with the volatile nature of the memory effect of PVBCz, which has a much 
shorter retention time for the ON-state than the sample preparation time for TEM 







Figure 3.12 TEM images of (a) PCz films in the OFF and ON state, showing the 
conformation transformation from an amorphous regiorandom structure to the 
paracrystalline regioregular ordered structure; (b) a PVK film in its pristine state 
showing the paracystalline structure; (c) a PVBCz film in the ON-state, which shows 
an absence of regioregular ordered regions, probably due to the volatile nature of the 











By tuning the pendant moieties of non-conjugated polymers, the properties of 
polymer memory devices can be altered. Nonvolatile and volatile conductance 
switching effects are observed in single-layer memory devices fabricated from non-
conjugated polymers with conformationally disordered pendant carbazole groups in 
ethylacrylate and benzyloxyethyl spacer units, respectively. Even with different 
spacer units, the same carbazole functional group present in both polymers play a role 
in the conductance switching, as well as exhibiting same operating mechanism. The 
field-induced conformational ordering and retention of the ordered state in the 
polymers are supported from the I-V curve modeling, the excimer fluorescence 
studies, and the formation of order molecular domains seen in high resolution TEM 
images. The conduction mechanism to the high conductivity state depends on the 
degree of regioregularity of the carbazole groups. Also, the extents of regioregularity, 
conformation ordering, and conformational relaxation, in turn, are dictated by the 
chemical structure and steric effect of the spacer units between the carbazole moiety 
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Chapter 4 
Non-volatile Flash Polymer Memory Device Based on an 
Acrylate Copolymer Containing Carbazole-Oxadiazole  
Donor-Acceptor Pendant Groups 
 
 In this chapter, the molecular conformation-dependent write-once read-many-
times (WORM) memory based on an acrylate polymer containing pendant carbazole 
(donor) groups is transformed into a flash (rewritable) memory, when acrylate units 
containing pendant oxadiazole (acceptor) groups are incorporated to form a 
copolymer. The as-fabricated device based on the acrylate copolymer containing 
carbazole-oxadiazole donor-acceptor pendant groups is in its low conductivity state 
and can be written to a high conductivity state at a threshold voltage of -1.8 V. The 
high conductivity state can be switched (erased) to the low conductivity state with a 
positive bias of 3.6 V. The device exhibits a high ON/OFF current ratio of 103 at a 
read voltage of -1 V. This rewritable polymer memory can be programmed and erased 
repeatedly with good accuracy. The rewritable conduction mechanism is ascribed by 
the charge transfer between the carbazole electron donor groups and the oxadiazole 
electron acceptor groups. The copolymer is potentially useful for application in flash 





Organic and polymeric materials have been studied for use as an alternative to Si 
based semiconductors in the memory devices applications [1,2,3,4,5,6]. Organic 
materials that exhibit electrical bistable conductivity states are alternatives to future 
data storage and memory applications [7,8].Differing from the low molecular weight 
materials that are processed normally by evaporation under high vacuum, many 
polymers can be easily deposited by solution spin-coating. Thus, many studies on the 
organic memory devices are based on polymeric materials [ 9 , 10 ]. The basic 
requirement for a polymer to exhibit memory behavior is to possess two accessible 
states, corresponding to, for example, the high conductivity and low-conductivity 
response to the same applied voltage. To function as viable memory devices, the 
polymer memories must possess a high ON/OFF current ratio between the conducting 
and non-conducting states to minimize any error during the read cycle, as well as 
exhibit long retention time of their read and write states.  
1,3,4-Oxadiazole and its derivatives [11] are electron acceptors and are commonly 
used as electron-transporting units in optoelectronic devices, whereas carbazole and 
its derivatives [12] are electron-donors that are widely used as hole-transporting units. 
In an efficient electroluminescent device, carrier injection and carrier transport from 
both electrodes should be balanced [13].  In the case of polymer memory, polymers 
consisting of well-defined hole-transporting (donor) and electron-transporting 
(acceptor) units has been demonstrated to function as flash (rewritable) memory 
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devices [14]. In the earlier work, an acrylate polymer with hole-transporting carbazole 
pendant groups could function effectively as a non-volatile WORM memory device 
[15]. The memory effect was attributed to the presence of the spacer between the 
pendant carbazole group and the polymer backbone, which allowed the transition of 
the pendant carbazole groups from the disoriented state (OFF state) to the ordered 
face-to-face (or regioregular) conformation (ON state) at the threshold voltage. In this 
chapter, we report the change in memory function and mechanism when oxadiazole 
(acceptor) pendant groups are also incorporated. The resulting acrylate copolymer 
poly(2-(9H-carbazol-9-yl)ethyl methacrylate-co-4-(5-(4-tert-butylphenyl-1,3,4-
oxadiazol-2-yl)phenyl methacrylate) (PCzOx), which contains carbazole-oxadiazole 
donor-acceptor pendant groups, exhibits flash (rewritable) memory behavior. The 
molecular structure of PCzOx and the configuration of the memory device are shown 
in Fig. 4.1. 
 
4.2 Experiments details 
4.2.1 Preparation of the electroactive copolymer  
The copolymer poly(2-(9H-carbazol-9-yl)ethyl methacrylate-co-4-(5-(4-tert-
butylphenyl-1,3,4-oxadiazol-2-yl)phenyl methacrylate), or PCzOx, was synthesized 
by the copolymerization of monomer, 2-(9H-carbazol-9-yl)ethyl methacrylate and 
monomer 4-(5-(4-tert-butylphenyl-1,3,4-oxadiazol-2-yl)phenyl methacrylate, in the 
presence of the 2,2’-azobisisobutyronitrile (AIBN) initiator [16]. The polymerization 
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was carried out at 60°C in tetrahydrofuran and under an argon atmosphere for 72 h. 
The resulting polymer, PCzOx, had a weight-average molecular weight of about 
268,000 and a polydispersity index of about 2.4, as determined by gel permeation 
chromatography (GPC). The molar ratio of the hole transporting carbazole (Cz) 
groups and the electron transporting oxadiazole (Ox) groups was 0.68Cz:0.32Ox, as 
determined from the elemental analysis. PCzOx exhibited good thermal stability, with 
an onset decomposition temperature of about 290oC, and a glass transition 
temperature (Tg) of about 155 °C, as determined by thermogravimetric analysis and 
differential scanning calorimetry, respectively.  
 
4.2.2 Fabrication of the memory device 
The indium-tin-oxide (ITO) coated glass substrate was cleaned, a prior, with DI 
water, acetone and isopropanol, in that order in an ultrasonic bath for 20 min. A film 
of PCzOx of about 50 nm in thickness was spin-coated at 2000 rpm onto the ITO 
substrate from a 10 mg/ml of N,N’-dimethylacetamide solution, followed by solvent 
removal in a vacuum chamber at 10-5 Torr for 8 hours. A layer of Al of ~150 nm in 
thickness was thermally evaporated through a shadow mask at a pressure of ~10-7 
Torr to form the top electrodes (anode) and to define a device area of 0.4 x 0.4 mm2. 
The polymer surrounding the contacts was removed to expose the bottom ITO 













Figure 4.1 (a) Molecular structure of the copolymer PCzOx, and (b) schematic 
diagram of the memory device consisting of a thin film (~ 50 nm) of PCzOx 
sandwiched between an indium-tin-oxide (ITO) substrate and an aluminum top 
electrode. 
 
4.3 Physical Characterization of PCzOx polymer 
4.3.1 Fourier transform infrared (FT-IR) absorption spectrum 
Figure 4.2 shows the Fourier transform infrared (FT-IR) absorption spectrum of 
PCzOx. The two sharp and strong absorption peaks at 750 and 725 cm-1 are associated 
with the characteristic absorption of the carbazole (Cz) moieties [ 17 ]. The 
characteristic absorption bands of the oxadiazole (Ox) moieties are located at 1611 
and 1554 cm-1 (1,3,4-oxadiazole ring), and at 1207 and 1014 cm-1 (C-O-C) (stretching 
of the ether band and oxadiazole ring) [18]. The absorption band at 1755 cm-1 is 
associated with the characteristic vibration of C=O in the ester group. The spectrum 
also shows the absorption bands at 3051, 2963, 2905 and 2868 cm-1, which are 






















attributable to the C-H stretching of aliphatic groups, and at 1492 and 1459 cm-1, 
which are attributable to stretching vibration of the aromatic groups. 
























Figure 4.2. The FT-IR spectrum of the copolymer PCzOx. 
 
4.3.2 UV-vis spectroscopy 
 UV/vis spectroscopy of the PCzOx polymer in dilute tetrahydrogenfuran (THF) 
is shown in Fig. 4.3. PCzOx copolymer shows absorption maximum and absorption 
edge at ~293 nm (4.26 eV) and ~342 nm (3.67 eV).  
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Figure 4.3 UV-visible absorption spectra of PczOx polymer in THF. 
 
4.3.3 Cyclic voltammetry measurement 
Cyclic voltammetry measurement was performed on an Autolab 
potentiostat/galvanostat system using a three-electrode cell under an argon 
atmosphere. The polymer film on a Pt disk electrode (working electrode) was scanned 
(scan rate: 0.1 V/s) anodically and cathodically in a solution of tetrabutylammonium 
hexafluorophosphate (n-Bu4NPF6) in acetonitrile (0.1 M), with Ag/AgCl and a 
platinum wire as the reference and counter electrode, respectively.   
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EOx(onset) =1.27 V 
 
Figure 4.4 CyV measurement for the onset oxidation potential, EOx (onset). 







ERed(onset) =-0.90 V 
 
 






Figure 4.5 CyV measurement for the onset reduction potential, ERed (onset). 
 
For the applied potentials between -2.3 V and 2.3 V (vs. Ag/AgCl electrode) 
in the cyclic voltammetry scans, the onset oxidation and reduction potentials of 
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PCzOx were observed at 1.27 V (Fig 4.4) and -0.90 V (Fig. 4.5), respectively. The 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) levels of PCzOx can be calculated by comparing with the reference energy 
level of ferrocene (4.8 eV below vacuum level, which is defined as zero) [19]. From 
the CyV measurement, the HOMO and LUMO level of PCzOx was found to be 5.7 
eV and 3.4 eV, respectively. 
 
 
4.3.4 X-ray diffraction studies 
 
The X-ray diffraction (XRD) patterns of the PCzOx, Cz and PVK polymers 
are shown in Fig. 4.6 (diffraction peaks at around 9.85, 38.31, 44.18, 64.55 and 77.60 
arise from the aluminum sample holder). Two diffraction peaks centered at 2θ=20.56o 
(4.316 Å) and 7.76o (11.384 Å) were observed (number in bracket represents the 
corresponding d-value for the 2θ peak) for PVK [20,21]. The former peak is an 
amorphous halo which is broad, diffuse and strong, while the latter peak has been 
shown to be a function of chain parallelism [22], with the nearest chain-to-chain 
distance of about 11.38 Å. The result indicates that PVK is regioregular. However, the 
XRD spectra of PCz, and PCzOx consist of only one broad peak at around 2θ=18.73o 
(4.734 Å) and 2θ=16.42o (5.402 Å), respectively. These broad diffraction peaks are 
similar to that at 2θ=20.56o of PVK. The results suggest that PCzOx is amorphous at 






























Figure 4.6 X-ray diffraction patterns of PVK, PCz, PVBCz and PCzOx at ground 
state. Two diffraction peaks centered at 2θ=20.56o and 7.76o were observed for PVK. 
However, the XRD spectra of PCz and PCzOx consist of only one broad peak at 
around 2θ=18.73o and 2θ=16.42o, respectively.  
 
4.4 Electrical Characterization of ITO/PCzOx/Al device 
Electrical measurements were carried out on a HP4155C semiconductor parameter 
analyzer and an Agilent 41501B pulse generator. All electrical measurements were 
conducted under ambient conditions without any encapsulation. 
 
4.4.1 J-V curve studies 
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Figure 4.7 J-V characteristics of the ITO/PCzOx/Al device showing the transition 
from the OFF to ON state in the negative bias (sweeps 1 and 4), and ON to OFF state 
in the positive bias (sweep 3).  Sweep 2 was after sweep 1 and sweep 4 was obtained 
after 5 repetitive ON-OFF cycles. 
 
The memory effect of PCzOx is shown in the current density-voltage (J-V) 
characteristics of Fig. 4.7. The as-fabricated ITO/PCzOx/Al device showed the 
current density of a low-conductivity state. By sweeping the voltage from 0 V to -4 V, 
an abrupt change in the current density was observed (sweep 1 in Fig. 4.7). Upon 
reaching the threshold voltage of around -1.8 V, the device switched from the low 
conductivity (OFF state) to a high conductivity (ON state) with a current density of 
~10 A cm-2. The device remained in the ON state as the voltage was swept from -1.8 
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V to -4 V. With the subsequent sweeping of the voltage under negative bias, the 
current density was characteristic of that of the ON state current (sweep 2 in Fig. 4.7).  
For an “ON” state device, the device can be turned “OFF” by applying a reversed bias. 
By sweeping the voltage from 0 V to +6 V (sweep 3 in Fig. 4.7), a switch in the 
current density was again observed. Upon reaching the threshold voltage of around 
+3.6 V, the device returned to the low conducting (OFF) state. This write-erase cycle 
can be repeated with good reproducibility. Sweep 4 was obtained after 5 repetitive 
ON/OFF cycles. By sweeping the voltage from 0 V to -4 V, the device again switched 
from the OFF state to the ON state (~10 A cm-2) at around -1.8 V. The change in 
current density during the OFF to ON state transition (sweep 4) was similar to that 
observed during the initial OFF to ON state transition (sweep 1), indicating the 
absence of device degradation. The high ON/OFF current ratio of ~103 and the precise 
control of ON and OFF states will enable a low misreading rate in this device.   
The J-V curves of the PCzOx device in the ON and OFF states were fitted to 
appropriate conduction models. As shown in Fig. 4.8(a), the J-V curve in the OFF-
state can be fitted by the Schottky emission model, whereas Fig. 4.8(b) shows that the 
ON-state current can be fitted by the Ohmic model. Fig. 4.9 shows the transient 
response of the ITO/PCzOx/Al device when subjected to a write pulse of magnitude -
4 V and 100 μs pulse width. The switch time from the OFF to the ON state is found to 
be ~ 100 μs, limited by the measurement device. 
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Figure 4.8 Fitted J-V curves of the device: (a) OFF-state with the Schottky emission 














































Figure 4.9 Transient time for the ITO/PCzOx/Al device. 
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4.4.2 Capacitance studies 
 The switch from OFF to ON state of the ITO/PCzOx/Al device is also seen in 
the capacitance-voltage measurement, as seen in Fig. 4.10(a). At the voltage sweep of 
~ -2.6 V, the capacitance increased from ~ 10-12 F to ~3 x10-10 F, giving rise to more 
than two order increase in capacitance. The increase is capacitance is expected due to 
the increased in charge in the ON state device. Fig. 4.10(b) shows the capacitance-
frequency plot of the ITO/PCzOx/Al device in the OFF state. The OFF state 
capacitance is stable up from the frequency span of 100 Hz to 1 MHz. 
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 Off state (Vg = 1 V)
 
(b) 
Figure 4.10 (a) The capacitance-voltage curve of the ITO/PCzOx/Al device (b) The 
capacitance-frequency curve of the OFF state ITO/PCzOx/Al device. 
 
4.4.3 Reliability Studies 
Fig. 4.11 also shows the effect of read cycles on the ON and OFF states of the 
device. The OFF state of the device are insensitive to read cycles (with a read voltage 
of 1 V) up to ten million times, while the ON state shows a fluctuation of only one 
order in magnitude. The switching time for “write” and “erase” operations was 
evaluated by using the voltage pulse stressing. The devices in the low conductivity 
state could be switched to the high conductivity state by applying a -4 V pulse of 
width ~1 us. However, the high conductivity state could be “erased” to the low 
conductivity state only by applying a +6 V pulse of width ~10 µs.  
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Figure 4.11 Read cycles of the ON and OFF states. 
 
The stability of the device under a constant voltage stress of magnitude 1 V is 
also shown in Fig. 4.12. Both the ON state and the OFF state current density could be 
sustained up to 2 h while maintaining an ON/OFF current ratio of about 103. Fig. 4.13 
shows the write-erase cycle test performed on the ITO/PCzOx/Al device. The device 
was programmed and erased by using a voltage sweep -4 V and +6V, respectively. 
The current density in the ON and OFF states was read at +1 V after each subsequent 
sweep. The write-erase cycle test shows no degradation in the switching conditions 
after 7 program cycles while maintaining an ON/OFF ratio of about 103, when 
measured in ambience condition. 
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Figure 4.12 Voltage stress test of the ITO/PCzOx/Al device in the OFF and ON states. 
 

































4.5 Results and Discussion 
4.5.1 Energy band diagram 




































Figure 4.14 Energy band diagram showing the LUMO and HOMO energy levels for 
the Cz carbazole (Cz), oxadiazole (Ox) and PCzOx along the work function of the 
electrodes. The overall HOMO and LUMO of PCzOx shift downwards and the 
bandgap become narrower. The band structure indicates the presence of both the hole 
transporting (donor) and electron transporting (acceptor) units. 
 
The energy band diagrams of PCzOx (containing both the Cz and Ox moiety), 
together with the energy band diagrams of Cz (the carbazole moiety alone) and Ox 
(the oxadiazole moiety alone), are shown in Fig. 4.14. For a device with only the 
carbazole donor group (Cz), it has been shown that the lower barrier height at the 
ITO/polymer interface allows for hole injection from ITO at the threshold voltage, 
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and the polymer device functions as a WORM memory device arising from the “face-
to-face” conformational change of the polymer to a regioregular state [5]. With the 
incorporation of the oxadiazole (Ox) group, the overall HOMO and LUMO of Cz 
shift downwards and the band gap decreases. The HOMO and LUMO levels are now 
lower at 5.7 eV and 3.4 eV, respectively, in the presence of both the donor and 
acceptor groups within the PCzOx polymer. The barrier for hole injection from ITO 
and the barrier for electron injection from Al are at 0.9 eV and 0.8 eV respectively. 
Initially, hole injection into the polymer is difficult since there is a large barrier (~0.9 
eV) between the ITO and PCzOx. Under this condition, the conductivity of the 
polymer is low, as seen in the Schottky emission current model. When the applied 
electrical field reaches the threshold value (in the reverse bias), electrons start to 
migrate from the carbazole moiety to the oxadiazole moiety. Thus, the carbazole 
groups become positively charged, and forms charge transfer (CT) complexes with 
the negatively charged oxadiazole groups, as depicted in Fig.4.15. The reversible 
transition between the low and high conductivity states in PCzOx is ascribed to this 





































(i) Low Conductivity State (ii) High Conductivity State  
Figure 4.15 Ground and charge transfer states in PCzOx. 
 
4.5.2 Charge transfer process using molecular simulation 
 To investigate the CT process, molecular simulation of the basic unit of 
PCzOx was carried out using the Gaussian 03 program package [23]. The molecular 
orbitals and electronic properties were calculated by the density function theory 
(DFT), using the Becke’s three parameter functions with the Lee, Yang, and Parr 
correlation functional method (B3LYP). Fig. 4.16 shows the resulting HOMOs and 
































Figure 4.16 Molecular orbitals (left) of the basic unit of PCzOx and the transitions 
(right) from the ground state to the charge transfer state induced by the electric field. 
The HOMO and the third LUMO are located on the donor (D), while the first and 
second LUMOs are located on the acceptor (A).  
 
 The HOMO is located on donor (D), while the first and second LUMOs are 
located on acceptor (A). At the threshold voltage, one of the electrons transits from 
the HOMO to the LUMO3 within D to form an excited state. Excitation of D leads to 
a decrease in ionization potential, and subsequently promotes intra- and inter-
molecular CT at the excited state. CT can occur from the LUMO3 of D to the 
LUMO2, then to the LUMO of A to form a conductive CT complex. This CT process 
results in the increase in conductivity of PCzOx (ON state). From the electronic 
absorption spectrum of PCzOx, the respective absorption maximum and absorption 
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edge at ~293 nm (4.26 eV) and ~342 nm (3.67 eV) correspond to the HOMO Æ 
LUMO3 (4.74 eV, highest probability) and HOMO Æ LUMO (3.89 eV, low 
probability) transitions. The positive and negative charges are further segregated 
under the electrical field and delocalized to the carbazole and oxadiazole group, 
respectively. Thus, the memory is non-volatile in its ON state, as characterized by the 
ohmic conduction model. An opposite bias (forward bias) can dissociate the CT 
complex. The electron from the negatively charged acceptor is attracted back to the 
positively charged donor. The device then returns to its original OFF state.  
 
4.6 Conclusion 
 We have demonstrated a flash memory device based on a newly synthesized 
acrylate copolymer containing both the carbazole (donor) pendant groups and the 
oxadiazole (acceptor) groups. The device exhibited an ON/OFF current ratio of 103 
and was stable in both OFF and ON states after 107 read cycles at 1 V.  The rewritable 
bistable states were attributed to the charge transfer (CT) process between the donor 
and acceptor groups in the copolymer.  In the absence of the CT process, the acrylate 
homopolymer containing only the pendant carbazole group exhibited WORM 
memory behavior, associated with the change in regioregularity of the pendant 
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Chapter 5 
An Organic-based Memory-Diode Device with Rectifying 
Property for Crossbar Memory Array Applications 
 
In this chapter, an all polymer based diode-memory device that has bi-stable 
memory function and a high rectification ratio has been demonstrated. The diode-
memory device is fabricated by incorporating a polymer based diode component in 
series with a polymer memory component: the diode component is made on a blend 
layer of poly(3-hexylthipphene):[6-6]-phenyl-C61-butyric acid methyl ester 
(P3HT:PCBM) with a high rectification ratio of 4 orders at a read voltage of ± 1 V; 
while the memory component is made using a polymer of poly(2-(9H-carbazol-9-
yl)ethyl methacrylate) (PCz) with bi-stable memory property. The all-polymer based 
diode-memory device performs well as a rectifying memory device, achieving a high 
ON/OFF current ratio of 106 and a high rectification ratio of 103. When the diode-
memory device is incorporated into a crossbar memory array, the selected device 
achieved an ON/OFF current ratio of 104 and a rectification ratio of 102. The polymer 











Organic and polymer materials have been greatly studied over the years for 
memory applications. Several types of memory functionality such as WORM (write-
once-read-many times) [1,2], Flash [3,4] and DRAM [5] have been reported, and 
their conducting mechanisms are attributed to several different mechanisms, including 
charge trapping in nano-particles blends [6], forming of charge transfer complex [7], 
forming of redox metal complexes [8] and conformational change [9,10]. However, 
there are few studies on making polymer memory devices with rectifying property, 
which is one of the critical factors to the realization of simple and cheap passive 
matrix crossbar memory array. A high rectification ratio is always desired for the 
polymer memory cell to be addressed in a passive matrix crossbar memory array. S. 
Moller et. al. has demonstrated a WORM type rectifying memory by incorporating a 
silicon p-i-n diode in the memory device [1]. Smith and Forrest have also 
demonstrated the rectifying effect by forming a Schottky diode between the polymer 
and n-type silicon electrode [11]. A memory diode that can utilize polymer materials 
for ease of fabrication and cost reduction is desirable. Very recently, an organic 
memory diode based on lead phthalocyanine (PbPc) molecules sandwiched between 
ITO and Al electrodes has been reported [12]. The memory effect is attributed to the 
existence of the depletion layer at the ITO/PbPc interface and charge transport via 
traps with an exponential distribution of energies, while the rectifying effect is 
attributed to the work function difference between the two electrodes. Although it can 
achieve a high ON/OFF current ratio of 4 orders, it has a limited rectification ratio of 
only ~ 1-2 order. In this work, we propose and demonstrate a two-terminal rectifying 
polymer memory by series connecting one polymer diode, made on a blend layer of 




and one polymer memory, made on poly(2-(9H-carbazol-9-yl)ethyl methacrylate), or 
PCz, which exhibits bi-stable property [13]. The device can achieve WORM memory 
function with a high rectification ratio of 3 orders of magnitude, and is very promising 
for use in a compact 3-dimentional crossbar memory array with the smallest cell size 
of 4F2, where F is the minimal feature size.  
 
5.2 Considerations for Integrated Crossbar Memory Array on Silicon 
5.2.1 High ON/OFF Current Ratio 
The requirement for a large ON/OFF ratio becomes more critical in a crossbar 
memory array. During the read operation in an array, the read voltage is applied 
across the selected word line (row) and the bit line (column). The ON and OFF state 
of that cell is then determined based on the feedback current which is proportional to 
the resistance of that memory cell. Other word (row) and bit (column) lines are held at 
ground to minimize parasitic leakage currents. However, in large arrays these 
numerous leakage current paths and the crosstalk between the interconnect lines 
become significant. In an active matrix array, the other devices are turned to their 
OFF states by the access transistor in an active matrix array to minimize the leakage 
path. In a passive matrix array, the other devices are set to be reversed biased to 
minimize the flow of the leakage current. Also, the read voltage applied on the device 
can be dependent on the location of the device within the array, as those devices 
located a longer distance from the interconnects and contact pads would incur a 
greater interconnect resistance and parasitic current leakage [14]. The ON/OFF ratio 






5.2.2 High ON state resistance 
Compared to their inorganic counterparts that have relatively low ON state 
resistance of 10-4 to 10-6 Ωcm
2
, most organic devices have a much higher ON state 








(1, 15 , 16 , 17 ). The high ON state 
resistance could limit the array size of a passive matrix crossbar memory device. This 
is a fundamental problem that can severely limit the potential for application of these 
devices. This is due to the fact that the high ON state resistance would increase the 
overall RC delay of the crossbar memory array circuit, which in turns relates to the 
restriction on the array size. The option of adding several small arrays to form a larger 
array is not feasible, as that would increase the fabrication cost due to the more 
complex circuitry. Thus, a polymer memory that has a high ON state current density 
(~ 1 Acm-2) and a high ON/OFF current ratio (> 106), like that of PCz polymer, is 
desirable for use in a crossbar array. For higher-resistance organic memories, dividing 
large memory arrays into numerous small arrays is not economical, as this requires 
increased numbers of (relatively expensive) support circuits.  
 
5.2.3 High Rectification Ratio 
In a large memory array, there are an enormous number of indirect electrical 
paths between any two devices on the array. To write and read single memory cell, as 
well as to decrease the power consumed during operation, it is necessary to reduce the 
effect of these indirect pathways by maximizing their electrical resistance. In an 
active matrix (AM) architecture, this is accomplished by the incorporated access 
transistor between the word and bits line. For devices that are not selected, the access 
transistors will be in a high impedance OFF state, restricting any stray current from 




devices themselves form connections between word and bit lines. To reduce parasitic 
leakage in the PM architecture, it is necessary to reverse bias inactive interconnect 
lines during program and read operations. The rectification ratio of the device then 
determines the size of the PM array. Generally, the number of devices on a word or 
bit is limited to its rectification ratio. For example, a rectification ratio of 100 allows 
the operation of a ~10 kbits memory array with 100 word lines and 100 bit lines. In 
most previous work on organic memory, the rectification ratio of the device is not 
reported.  
 
5.2.4 Limitation to unipolar device 
Integration with a diode to achieve a large crossbar memory arrray poses a 
limitation on the switching criteria of the memory. Most memory devices are bipolar, 
and require opposite voltage polarities for write and erase operations. In series with a 
high-performance diode, these devices could no longer be reprogrammed, as any 
applied reverse bias would be dropped almost entirely across the diode. To maintain 
compatibility with a series diode, device writing and erasing must be unipolar, which 
is difficult to achieve. Due to the unipolar limitation, the array structure fabricated in 
this work will be based on a write-once read-many–times (WORM) memory in series 
with the diode. 
 
5.3 Proposed passive device: diode-memory device 
5.3.1 Understanding of stray capacitance and leakage paths 
 Passive devices are needed for high packing density and low cost requirements. 
Two terminal devices, which offer the same memory function to the three terminal 




shows the stray capacitance and leakage paths arising in a crossbar array without the 
diode component. Stray capacitance arises between neighbouring parallel lines, as 
well as between the perpendicular running top and bottom electrode lines. In a passive 
memory array, a diode vertically connecting the crossing point of perpendicular 
addressing lines can be used to write and read each cell. With the series combination 
of the diode and the memory component, during the addressing of an individual cell, 
the crosstalk on the neighbouring lines will be minimized. Fig. 5.2 shows the 
schematic of the rectifying WORM memory architecture of the passive matrix 
crossbar memory array. 
 






















Figure 5.2 The rectifying WORM memory architecture of the crossbar memory array. 
 
5.3.2 The rectifying memory model 
 We proposed a rectifying device which consists of a diode in series with the 
memory component. Without the diode component, when the WORM memory device 
of ITO/PCz/Al is switched on in the reverse bias, the subsequent high conductivity 
curve is obtained for both negative (forward) and positive (forward) bias. This poses a 
problem in crossbar array architecture as the low reverse bias resistance will introduce 
numerous current leakage pathways. However, when a diode is placed in series with 
the memory cell, the high conductivity curve of the ON state device is only present in 
the forward bias. In the reverse bias, the conductivity will be low due to the reverse 
polarity of the diode. Fig. 5.3 illustrates the conductivity curves for a diode-memory 
device.  Sweep 1 and sweep 3 illustrates the device in its OFF state in the forward and 
reverse bias respectively, with both exhibiting a low conductivity states. When the 




state (sweep 2). However, as can be seen in sweep 4, when the ON state device is 
being biased reversely, the device exhibits a lower conductivity state due to the 
reverse bias diode that is in series with the memory device. The reverse diode has 
limited or reduced the amount of current passing through the memory device. The 
effectiveness of the diode-memory device would depend on its ON/OFF current ratio, 
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Figure 5.3 Typical I-V characteristic of the memory device with diode rectifying 
property.  
 
5.4 Studies on ITO/PEDOT/P3HT:PCBM/Al/PCz/Al device 



















Figure 5.4 The molecular structure of PCz, an acrylate polymer containing the 
carbazole donor moiety in the pendant group and the schematic of the 
ITO/PEDOT/P3HT:PCBM/Al/PCz/Al diode-memory device structure. 
 
  The devices, with schematic structure shown in Fig. 5.4 was fabricated on 
indium-tin oxide (ITO) coated glass substrate with a sheet resistance < 20 Ω/ . The 
patterned ITO was cleaned prior to de-ionized water, acetone and isopropanol, in an 
ultrasonic bath for 20 mins. Then the filtered poly(ethylenedioxythiophene): 
polystyrene sulphonic acid (PEDOT:PSS) suspension (through 0.45 μm filter) was 
spin coated on top of the ITO surface to form ~50 nm layer under ambient conditions, 
before drying the substrate at 90 °C in an oven for more than 3 h. After that, poly(3-
hexylthipphene):[6-6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) was 
dissolved in dichlorobenzene at a weight ratio of 1:0.8 and stirred for more than 72 h 
in the glovebox before spin casting to form a 150 nm thick film. A layer of Al was 
then deposited by thermal evaporation at a pressure of 4 x 10-4 Pa, followed by one 
annealing at 140 °C under N2. Subsequently, a 50 nm layer of PCz layer was 
fabricated by spin coating 10 mg/ml solutions of PCz in dimethylacetamide, followed 
by solvent removal in a vacuum chamber at 10-5 Torr and 60 °C for 12 h. Finally, the 




mask at a pressure of ~10-7 Torr to form the ITO/PEDOT/P3HT:PCBM/Al/PCz/Al 
diode-memory device. For comparison, the standalone ITO/PEDOT/P3HT:PCBM/Al 
polymer diode component was also fabricated.  
 
5.4.2 Characterization of polymer based diode 
5.4.2.1 Energy band diagram of ITO/PEDOT/P3HT:PCBM/Al diode 
 The polymer diode is based on the blend layer of P3HT:PCBM polymer, 
which could be spin coated for ease in fabrication. Also, the polymer photovoltaic 
diode demonstrated good rectifying property in the dark condition, suitable for use in 
a rectifying device.  In the blend structure, P3HT acts as the donor while PCBM acts 
as the acceptor. As illustrated in the energy band diagram in Fig. 5.5, the HOMO and 
LUMO level of P3HT is 5.0 eV and 3.0 eV, while that of PCBM is at 6.1 eV and 3.5 
eV, respectively. In the blend layer of P3HT:PCBM, the HOMO of the donor (5.0 eV) 
and the LUMO of the acceptor (3.5 eV) is used as the new HOMO/LUMO level for 
the blend layer. In the PV applications, when the light source is absorbed into the 
P3HT:PCBM blend layer, the excitons dissociate. The holes are easily collected at the 


















5.4.2.2 Energy band diagram of the diode-memory device 
 Fig. 5.6 shows the energy band diagram of the ITO/PEDOT/ 
P3HT:PCBM/Al/PCz/Al diode-memory device. The ITO/PEDOT/P3HT:PCBM/Al 
band diagram illustrates that of a polymer diode where holes can flow easily from the 
ITO along the HOMO of PEDOT, the HOMO of P3HT:PCBM, and subsequently to 
































Figure 5.6 Energy band diagram of the ITO/PEDOT:P3HT:PCBM/Al/PCz/Al diode-
memory device. 
 
5.4.3 Electrical characterization of the diode-memory device 
Electrical measurements were carried out with a HP4155C semiconductor 





5.4.3.1 J-V curve of polymer based diode 
 Fig. 5.7 shows the current-density (J-V) characteristic of the 
ITO/PEDOT/P3HT:PCBM/Al device under a dark condition. The voltage is swept 
from 0 V to 2 V and subsequently from 0 V to -2 V. Subsquent voltage sweeps in the 
positive and negative direction showed no change in the conductivity curve, 
illustrating the electrical stability of the diode. The ITO/PEDOT/P3HT:PCBM/Al 
diode shows a good rectification of ~103. The rectifying property could be used in a 
passive memory cell. For the J-V characteristic of the stand-alone 
ITO/PEDOT/P3HT:PCBM/Al diode measured in the dark condition, the forward and 
reverse current density at the read voltage of ± 1 V is at ~10-1 Acm-2 and ~10-5 Acm-2 
respectively, exhibiting a high rectification ratio of 104.   
The diode current density in forward bias is given by 
 
SRVeJJ sh
nkTJSRVq S //)(0 += −        Eqn (5.1) 
 
where J0 is the saturated current density, q is the electron charge, V is the applied 
voltage, S is the area of the diode, n is the ideality factor, k is the Boltzmann constant, 
and T is the kelvin temperature. Rs is the total series resistance of the resistance of the 
polymer layers and the resistance between the metal electrodes and the polymer. Rsh is 




 Figure 5.7 J-V Characteristics of ITO/PEDOT/P3HT:PCBM/Al device in the dark, 
showing a rectification ratio of ~3 order.  
 
5.4.3.2 J-V curve of the diode-memory device 
  Fig. 5.8 (a) exhibits the J-V characteristic of the non-rectifying stand-alone 
ITO/PCz/Al memory device. The J-V curve of the ITO/PEDOT/P3HT:PCBM/Al 
diode is also shown in Fig. 5.8(a) for comparison. For the ITO/PCz/Al memory device, 
low currents are observed during the reverse sweep (sweep1). However, upon 
reaching a threshold voltage of ~1.8 V in the forward sweep (sweep 2), the 
conductivity increases from a low conductivity of ~10-6 Acm-2 (OFF state) to a high 
conductivity of ~1 Acm-2 (ON state) at a read voltage of 1 V. This dramatic 
conductivity change is irreversible by subsequent forward (sweep 3) and reverse bias 
sweep (sweep 4). The WORM memory function is attributed to the permanent 
conformational change of the PCz polymer when it undergoes a suitable electric field 




well as the Fermi level matching (HOMO of P3HT:PCBM and the HOMO of PCz), 
the two component structure of the rectifying memory device was fabricated and 
studied. 
Fig. 5.8(b) depicts the repeatable J-V characteristics of the rectifying diode-
memory device. When the voltage is first swept in the negative bias up to -3 V (sweep 
1), the device is in the OFF state (J ~10-8 Acm-2 at -1 V). By sweeping the voltage in 
the positive bias (sweep 2), the current density increased sharply from 3.0 x 10-6 Acm-
2 to 1.0 x 10-1 Acm-2 at a bias voltage of ~3.2 V, indicating the switch from the OFF to 
ON state of the memory device.  Subsequent sweep in the forward bias (sweep 3) 
confirmed that the memory device has turned to its permanent ON state. The turn-on 
voltage of 3.2 V of the diode-memory device is higher than that (1.8 V) of the stand-
alone non-rectifying ITO/PCz/Al memory device, mainly caused by voltage sharing 
across the memory and diode components. At a read voltage of +1 V, the current 
density at ON and OFF state is of ~10-2 Acm-2 and ~10-8 Acm-2 respectively, showing 
an extremely high ON/OFF current ratio of 106, capable of eliminating a wide 
fluctuation in read error when reading both the OFF and OFF states.  The permanent 
change in conductivity state is expected due to the WORM behaviour of the PCz 
memory component when hole is injected easily into the PCz layer in the forward bias 
[13]. When the ON-state device is subject to reverse polarity, the current density 
(sweep 4 in Fig. 5.8(b)) is far lower due to the blocking of holes. At a read voltage of 
±1 V, the ON-state current density in the forward and reverse bias is at ~10-2 Acm-2 
and ~10-5 Acm-2 respectively, achieving a rectification ratio of ~3 orders for the 






























































Figure 5.8 (a) J-V Characteristics of the PCz WORM memory device and 
ITO/PEDOT /P3HT:PCBM/Al diode device in the dark. (b) J-V characteristic of the 
ITO/PEDOT /P3HT:PCBM/Al/PCz/Al rectifying diode-memory device.  
 
5.4.3.3 Illustration of the resistance state of the diode and memory component 
 Fig. 5.9 illustrates the resistance state of the diode component and the memory 
component in the operation of the diode-memory device. As seen in sweep 1, during 
the initial reverse sweep, the diode is in its OFF state (high resistance state of a 
reversed diode) and the memory component is also in its OFF state (the memory 




is the anode). During the subsequent forward sweep (as seen in sweep 2 of Fig. 5.9), 
the diode is in its forward ON (low resistivity state) and the memory component turns 
ON during this sweep at the threshold voltage. After the memory component is turned 
to its high conductivity state, it will remain in its high conductivity state in the 
subsequent forward bias (sweep 3 in Fig. 5.9). When the ON state memory 
component is reversed bias, the high resistivity state of the OFF state reversed diode 
increase the overall resistance of the diode-memory device.  
 






































Figure 5.9 Illustration of the respective ON and OFF state combination of the 











Forward Reverse Forward Reverse
PCz Memory 360 kΩcm2 360 kΩcm2 1.7 Ωcm2 1.7 Ωcm2
Diode 19 Ωcm2 9.3 kΩcm2 19 Ωcm2 9.3 kΩcm2
Memory-diode 1 MΩcm2 1 MΩcm2 22 Ωcm2 12.4 kΩcm2
 
 
Table 5.1 The resistance of the memory-diode device, showing a high OFF state 
resistance, as well as a relatively high ON state reverse bias resistance. 
 
 Table 5.1 summarizes the resistance obtained for the memory-diode device 
taken at the read voltage of 1 V. When the memory component is in its OFF state, the 
high OFF state resistance of ~ 1 MΩ of the PCz polymer dominates the overall circuit 
resistance. When the memory component is turned to its ON state, the overall 
resistance in the forward and reverse bias is 22 Ωcm2 and 12.4 kΩcm2 respectively, 
giving rise to 3 order of rectification. The ON state resistance of the diode-memory 
device in the forward bias of ~22 Ωcm2 is similar to the ON state forward diode 
resistance of 19 Ωcm2, indicating that the diode component limits the ON state 
resistance of the diode-memory series device. Similarly, the reverse diode resistance 
of 9.3 Ωcm2 limits the ON state resistance of the diode-memory device of 12.4 kΩcm2. 
Note that the data are obtained from separate diode, memory and diode-memory 
devices, and thus the sum of the first and second rows does not necessary match that 
of the third row. 
 
 
5.4.3.4 Reliability stress test 
The ON state ITO/PEDOT/P3HT:PCBM/Al/PCz/Al diode-memory device is 




is applied on the device in both the forward bias and reverse bias stress test. As shown 
in Fig. 5.10, there is no degradation for the forward and reverse ON state current after 
1 h. The device retained its rectifying ratio of 3 orders under the voltage stress. 
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Figure 5.10 Stress reliability test of the ON state diode-memory device under the 
forward and reverse bias stress of + 1 V and – 1 V respectively.  
 
5.4.4 Results and discussion 
5.4.4.1 Conduction model through curve fitting   
 To further understand the current conduction in the device, J-V curves of the 
non-rectifying PCz memory, the P3HT:PCBM diode, and the rectifying memory 
device were fitted to the conduction models. Fig. 5.11 shows the conduction model 
fitted to the non-rectifying PCz memory device. The OFF state current is fitted to the 
Schottky emission model while the ON state current is fitted to the Ohmic conduction 



































Voltage1/2 (V1/2)  
Figure 5.11 Experimental and fitted J-V curves of the PCz memory device. 
 
 
 Fig. 5.12 shows the conduction model fitted to the P3HT:PCBM diode in the 
forward bias. As seen in the double logarithm J-V plot, its J-V curve is characterized 
to that of a typical organic diode, with three conducting regions, corresponding to 
Ohmic conduction (region I with slope, n=1), injection limited conduction (ILC) 
(region II with n>2) and space charge limited model (SCL) (region III with n=2) [18 ]. 
The inset in Fig. 5.12 shows the reverse bias J-V curve of the diode can be fitted to 





























Figure 5.12 Experimental and fitted J-V curves of the diode device in the forward and 
reverse bias (inset). 
 
Fig. 5.13 shows the J-V curve fitting of the rectifying memory device in the 
forward bias. The J-V curve of the device in OFF state (before reaching the threshold 
voltage of 3.2V, sweep 2 in Fig. 5.8 (b)) is fitted by the combination of the Ohmic and 
ILC model; whereas the J-V curve in the ON state (after turned on, sweep 3 in Fig. 
5.8(b)) is fitted by a combination of the Ohmic, ILC and SCLC model in the three 
conducting regions. In region I (V < 0.3 V), the external electric field across the 
rectifying memory device is small and the carrier injection from the electrodes is 
blocked by the interface barrier. Hence the number of charge carriers participating in 
the current almost does not increase. Current depends on applied field and the 
conductivity of the material. Thus it obeys Ohm’s law and has the slope of log J vs 
log V equal to 1. In region II (0.3 V < V < 1 V), the voltage applied has passed the 
threshold of blocking for carrier injection from the electrodes. The number of charges 




region, the bulk material is still able to accommodate these rapid increased carriers. 
This leads to ILC conduction and has the slope of log J vs log V larger than 2. If the 
applied voltage is increased further, more carriers will be injected from the electrodes 
so that the bulk material cannot accommodate the excess carriers and then the space 
charge starts to form near the injecting electrode interface. This is the region III (1 V 
< V < 4 V) which is indicated by the slope of log J vs log V equal to 2. From the 
SCLC fit, the space-charge-limited hole mobility is calculated at 2.9 × 10−4 
cm2.V−1·s−1, assuming a dielectric constant ε = 3 for the typical polymer. The three 
region conduction fitting of the rectifying memory device in the forward bias is 
similar to that of the diode in the forward bias. Also, the lower ON state current 
density for the rectifying memory device in the ON state (sweep 3 in Fig. 5.8(b)), 
compared to the higher ON state current density for the PCz memory device (sweep 3 
in Fig. 5.8(a)), is most probably attributed to the current limitation by the diode 
(forward sweep in Fig. 5.6).  



























Voltage (V)  
Figure 5.13 Experimental and fitted J-V curves of the rectifying memory device in 




Fig. 5.14 shows the J-V curves of the reversely biased memory device in the 
OFF and ON state. For the device under reverse bias, both the OFF state current 
(sweep 1 in Fig. 5.15(b)) and the ON state current (sweep 4 in Fig. 5.18(b)) follow the 
Schottky emission model, which are consistent with the J-V curve fitting of the “OFF-
state” non-rectifying memory device and the P3HT:PCBM diode in the reverse bias. 
Compared with polymer memory only devices, the reverse current of the rectifying 
memory device in ON-state is significantly reduced, due to current limitation 
restricted by the P3HT:PCBM diode in the reverse bias. 
 














Voltage1/2 (V1/2)  
Figure 5.14 Experimental and fitted J-V curves of the rectifying memory device in 
the reverse bias.  
 
5.6 Passive crossbar memory array 
 After successful demonstration of the diode-memory device, we further 
demonstrate a crossbar memory cell based on the all polymer based diode-memory 




crossbar memory array of array lines 0.2 mm by 0.2 mm, with the indium-tin oxide 
(ITO) stripes and aluminium stripes forming the crossbar bottom and top electrodes, 
respectively. The schematic of the crossbar memory array is shown in Fig. 5.15.  
 
5.6.1 Array fabrication 
 The bottom ITO substrate, with a sheet resistance of < 20 Ω/ , is patterned 
and wet etched using hydrochloric acid to produce the line patterns of width 0.2 mm. 
The patterned ITO was then cleaned prior to de-ionized water, acetone and 
isopropanol, in an ultrasonic bath for 20 mins. Next, the filtered 
poly(ethylenedioxythiophene): polystyrene sulphonic acid (PEDOT:PSS) suspension 
(through 0.45 μm filter) was spin coated on top of the ITO surface to form ~50 nm 
layer under ambient conditions, before drying the substrate at 90 °C in an oven for 
more than 3 h. After that, poly(3-hexylthipphene):[6-6]-phenyl-C61-butyric acid 
methyl ester (P3HT:PCBM) was dissolved in dichlorobenzene at a weight ratio of 
1:0.8 and stirred for more than 72 h in the glovebox before spin casting to form a 150 
nm thick film. A layer of Al was then deposited by thermal evaporation at a pressure 
of 4 x 10-4 Pa, followed by one annealing at 140 °C under N2. Subsequently, a 50 nm 
layer of PCz layer was fabricated by spin coating 10 mg/ml solutions of PCz in 
dimethylacetamide, followed by solvent removal in a vacuum chamber at 10-5 Torr 
and 60 °C for 12 h. Finally, the top Al electrode lines were deposited by thermal 
evaporation through a shadow mask at a pressure of ~10-7 Torr to form the 







































Figure 5.15 (a) Schematic of the ITO/PEDOT/P3HT:PCBM/Al/PCz/Al crossbar 
memory array with rectifying property, and (b) circuitry of each passive crossbar 
array device. 
 
5.6.2 Electrical characterization of the diode-memory array 
 The I-V characteristics of the ITO/PEDOT/P3HT:PCBM/Al/PCz/Al rectifying 
diode-memory crossbar array is shown in Fig. 5.16. The device switches from the 
OFF state (I = 5.1 x 10-8 A) to the ON state (I = 1.5 x 10-4 A) at 2.4 V. At a read 
voltage of 1 V, the ON state current is 2.2 x 10-5 A and the OFF state current is 4.2 x 
10-9 A. The ON/OFF current ratio obtained was ~ 104. At a read voltage of magnitude 
1 V, the forward ON state current is 2.2 x 10-5 A and the reverse ON state current is 




ratio of more than 3 orders, as well as the rectification of around 2 orders achieved. 
Fig. 5.18 shows the cumulative probability of the ON and OFF state current achieved 
by around 40 crossbar memory devices. Both the ON state and OFF state current 
shows less than one order fluctuation. Also, the ON/OFF current ratio is maintained at 
~ 2 orders. 
 






















Fig. 5.16 I-V characteristics of the ITO/PEDOT/P3HT:PCBM/Al/PCz/Al rectifying 






























Voltage (V)  
Figure 5.17 The ON/OFF current ratio in the forward bias and the rectification ratio 
of the diode-memory device in the ON state for the forward and reverse bias. 
 
 


























Figure 5.18 Cumulative probability data set for the memory devices, showing a good 




5.6.3 Reliability stress test 
 Fig. 5.19 shows the reliability stress test on the array crossbar device. Voltage 
stress of +1 V is applied on an as-fabricated device in its OFF state (seen in the filled 
square symbol in Fig. 5.19) and also to the device that has been turned ON (seen in 
the open circle symbol in Fig. 5.19). During the voltage stress test, both the ON and 
OFF state current are sustained for more than 4 h under the voltage stress test, 
showing fluctuation of less than one order in magnitude. The slight degradation 
observed is caused mainly by device testing in the ambience condition, where oxygen 
and moisture could penetrate into the polymer. 
 
















Time (s)  
Figure 5.19 Retention characteristic of the device in the ON and OFF state under a 








 We have demonstrated an all-polymer based memory device that 
demonstrated write-once read-many-times memory function as well as a high 
rectification effect in its ON state, when a polymer based diode component is placed 
in series with a polymer memory component. The P3HT:PCBM diode brings about 
the high rectification ratio while the PCz memory retains its excellent WORM 
memory property. The diode-memory rectifying device exhibits an ON/OFF current 
ratio of 6 orders and a rectification effect of 3 orders. When the diode-memory array 
is fabricated, it exhibits an ON/OFF current ratio of 4 orders and a rectification ratio 
of 2 orders. With its electrical properties and reliability, the rectifying WORM 
memory device has a high potential for use in a high density three dimensional 
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 In this thesis, the bistable electrical switching effects of polymer memory 
devices containing the carbazole functional group are evaluated. The molecular 
design-cum-synthesis approach has allowed several polymer memories, including 
flash (rewritable) memory, WORM (write-once read-many-times) memory and 
dynamic random access memory (DRAM)  to be realized. The important findings and 
conclusions obtained in the course of the studies are summarized as follows: 
1) Bistable switching is realized by field-induced conformational ordering of the 
carbazole pendant groups. The conduction mechanism depends on the ability of the 
carbazole groups to form a regioregular conformation ordering and can be tuned by 
using different spacer units adjoining the carbazole groups to the main chain. 
2) Memory effect is also realized when electron acceptor pendant groups are 
incorporated to the carbazole donor group to form a donor-acceptor copolymer. The 
rewritable memory behavior is ascribed by the charge transfer between the donor 
groups and the acceptor groups. 
3) A diode-memory device based on the series combination of a polymer diode and a 
polymer memory has been demonstrated to function well as a rectifying memory, 
retaining both its memory and rectifying properties. The diode-memory array studied 






6.2 Future works 
 There are a few aspects that are worth investigating in the future development 
of polymer memories. 
1) After the realization of the polymer memory functions, it would be worthwhile to 
perform encapsulation on the polymer memory device, to further extend and evaluate 
the enhanced lifetime reliability of the memory device. 
2) Using the rectifying property of the memory device, it is potentially viable to 
demonstrate a large-scale, narrow line width memory array, such as a 10 GBits 
memory realized by utilizing 105 columns and 105 row electrodes. 
3) In a passive array setup, future works could be done to study (1) the effect of line 
density on the memory effect, (2) the impact of rectification properties on the 
crosstalk elimination, and (3) the effect of scaling down the line width/ spacing on the 
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